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Abstract
In order to develop a new class o f coating that exhibits good performance, avoiding the 
use o f environmental unfriendly metal pre-treatments, it is necessary to fully understand 
how the coating interacts with the metal substrates. To this end the adhesion between 
hot dip galvanised steel (HDGS) and a UV-cured coating based on an epoxy acrylate 
resin has been investigated.
The HDGS surface chemistry is influenced by the various process and production steps, 
in particular from the skin-pass process, as the HDGS surface produced is not 
homogeneous. Indeed XPS gives very similar analyses for panels showing good and 
bad adhesion. ToF-SlMS and AES, giving good spatial resolution, are able to 
differentiate between panels showing good adhesion and panels showing poor adhesion. 
A high coverage o f zinc oxide on the HDGS surface leads to good adhesion properties. 
Water-based pre-treatments that increase the zinc oxide coverage, by the removal o f  a 
layer o f surface segregated AI2 O3 , improve the adhesion o f the resin to the HDGS.
Adsorption studies have been employed to understand how the coating interacts with 
the metal substrate. These studies have revealed that the phosphorus-based adhesion 
promoters included in the coating strongly modify the surface chemistry o f HDGS, 
dissolving the oxide layer covering the HDGS surface, a mixture o f zinc and aluminium 
oxide, and promoting the formation o f  a zinc phosphate layer over the metal substrate.
The study o f the interfacial failure surfaces produced by stripping o ff the coating from 
the HDGS panels in a simple peel test revealed that the poor coating/metal adhesion is 
due to an interfacial failure between the coating and the regions where the original 
aluminium oxide layer is still present. The failure created in these regions then 
propagates leading to a cohesive failure within the zinc phosphate layer present at the 
HDGS/coating interface.
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Introduction
The application of an organic layer to a metal substrate is a common practice 
used both to protect the metal substrate from corrosion and also to enhance the aesthetic 
properties of the final product. Since its first appearance in the 1940s [1] , coil coating is 
one of the most widely used technologies employed to apply an organic coating/paint to 
a metal substrate in a continuous manner.
Coil coatings are high performance liquid coatings applied to metal strips before 
the final forming process [2]. The coil coating is a continuous process capable of 
applying an organic coating at line speeds up to 150 metres per minute [4], a modern 
coil coating line is shown schematically in Figure 1.1. Depending on the eventual 
apphcation, the final product has to satisfy a variety of requirements; however, aU coil 
coatings are expected to be formable and retain good adhesion with the substrate on 
high levels of deformation. Those intended for use on the facades and roofs of buildings 
need to exhibit excellent exterior durability or weatherability [5], in order to last for 
very long periods, with twenty years or more being typical [6 ].
The choice of the metal substrate depends on the mechanical properties, and 
chemical and corrosion resistance required to the final product. A wide range of metals 
can be used as substrates in coil coating technology, with aluminium and hot-dip
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galvanised steel (HDGS) being the most widely selected [2]. Both HDGS and 
aluminium are completely recyclable, however HDGS is generally more popular as a 
result of its strength provided by the steel base and the corrosion resistance ensured by 
the sacrificial zinc layer. The use of aluminium has not varied significantly in recent 
years, while the use of coated steel, especially HDGS, has steadily increased (Figure 
1.2).
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Figure 1.1 Modem coil coating line (courtesy of Becker Industrial Coatings [2]).
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Figure 1.2 Use of coated steel and aluminium (in megametre square) in coil coating technology (data 
produced by Becker Industrial Coating [2] for the European Coil Coating Association -  ECCA [3]).
Depending on the final product application, different requiiements have to be 
fulfilled by the coating, such as chemical and corrosion resistances in specific 
conditions, formability, and aesthetic properties. For this reason, a wide variety of
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coating formulations are available on the market. The components of a formulation can 
be divided in four main groups: base resin, solvent and thinners, pigments and extenders, 
and additives [2]. These four classes of components are present in almost all coatings, 
with the use of solvent being gradually reduced, as in case of radcure coatings that do 
not require any solvent.
When it is not possible to satisfy all the product expectations with a single 
organic coating, multilayer systems, composed by two organic coatings, are employed. 
The initial organic layer, the primer, has to guarantee good adhesion to the metal 
substrate and also provide a surface with excellent properties for the adhesion of the 
second organic layer, the topcoat, which is applied to provide the desired surface 
properties, both aesthetic and good durability. The role of the coating in the final system, 
primer or topcoat, has to be well defined when the coating is formulated; because as 
well as the resin being different between primers and topcoat, the additives included and 
the amount of the various components of the coating also vary depending on the 
eventual end use.
Coil coating products are used in several sectors, with automotive, architectural 
and industrial goods being the most important markets. As seen in Figure 1.3, all the 
main markets, as well as the total market of coil coating products, were steadily 
growing in 2 0 0 0 ; these data show the buoyant nature of coil coating market reflecting 
the nature of a high quality product. This growth has only recently reversed (2008/09), 
and this is attributable to the current economic crisis.
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Figure 1.3 Coil coating product worldwide consumption in the principal markets [data provided by 
Becker Industrial Coatings].
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The reason for the growth of coil coating products is seen in the ultimate 
advantages offered by coil coating technology [7], which can be classified into three 
main groups:
° Economical; increase of productivity and reduction of costs
= Ecological; compliant with the various environmental legislations
= Technological; wide of range of products and applications, with
excellent performance
Performance and quality, low cost, energy consumption and environmental 
consideration are the main points to be addressed by the industry according to Weiss [8 ] 
in his review paper for the paint and coating industry. Although current polyester- 
melamihe technology meets most of the requirements, UV-cured coatings would be a 
step towards an even better environmental footprint. They meet all these requirements 
thanks to very high speed curing processes and to the reduction and waste of organic 
solvents.
With these requirements in mind, coil coating technology is developing a new 
class of UV-cured coatings that will not require any pre-treatment of the metal substrate 
to guarantee a good organic coating/metal substrate adhesion. In this way, it will be 
possible:
® To increase the productivity, by increasing the speed of the process 
° To reduce the costs, by reducing the number of steps of the coating 
process because the coating can be apphed on a galvanising line as 
opposed to a separate coating hne 
" To reduce the environmental impact, by not employing the usual pre­
treatment containing hexavalent chromium, which is highly toxic to the 
work force, and environmentally unfriendly if waste is not disposed in a 
responsible (and expensive) manner.
From the point of view of the coil coating manufacturer, a complete knowledge 
and understanding of the metal substrate surface is a necessary requirement to develop a
new class of coatings that show good adhesion with the selected metal substrate. With 
regards to HDGS, the principal metal substrate in the coil coating industry, there is an 
assumption that HDGS surface chemistry is constant and on a galvanising line it will be 
“fresh”. This assumption leads to generic models of HDGS surface chemistry, models 
that do not take in consideration all the variabihty related to the production of HDGS 
(process parameters and post bath treatments), and its influence on the final HDGS 
surface chemistry.
The contribution of surface analysis techniques to adhesion and metal pre­
treatment research is important in understanding both the HDGS surface chemistry and 
HDGS/organic coating interactions. By combining the advantages of the various surface 
analysis techniques, a satisfactory knowledge of the HDGS/organic coating interaction 
can be achieved.
The research work that will be presented in this thesis is part of a project 
conducted in co-operation with Becker Industrial Coatings Long Term Development 
Laboratory [2]. The aims of the project are as follows:
■ To fully understand the HDGS surface chemistry from a number of 
European supphers.
® To establish which surface characteristics on HDGS are responsible for 
good/bad adhesion.
■ To evaluate the effects of different cleaning processes on HDGS surface 
chemistry and adhesion.
“ To investigate the interaction of single components of a UV-cured 
coating with HDGS.
■ To model the coating/HDGS adhesion and subsequent interfacial failure.
" To suggest a framework for the development of a new class of
environmental friendly coating exhibiting good adhesion with un-treated 
HDGS
The work carried out in order to aehieve these aims is described in the following 
chapters. The structure of the thesis is as follows:
In Chapter 2, production, metallurgy and current knowledge of HDGS, and the 
chemistry of organic coatings employed in the coil coating industry, focusing on UV-
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cured coatings, will be presented, before moving, in the last section of the chapter to a 
description of the theories and methods commonly used to investigate metal/coating 
interactions.
In Chapter 3 the surface analysis techniques used will be briefly described, 
focusing on their potential use in this project and the manner in which they were used.
In Chapter 4, a general model to explain HDGS surface chemistry will be 
developed based on the analysis by X-ray photoelectron spectroscopy (XPS) of a series 
o f HDGS panels produced by different manufacturers. The adhesion between these 
HDGS samples and a UV-cured coating will also be described, in an effort to correlate 
surface chemistry and adhesion properties.
In Chapter 5, two HDGS panels, selected from the set of panels studied in 
Chapter 4 representing good and bad adhesion, will be further characterised at the 
micrometric scale employing Auger electron spectroscopy (AES) and time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) in order to refine the model proposed in 
Chapter 4. Variations in HDGS surface chemistry at the sub-micrometre scale, and how 
these variations influence the adhesions will be also investigated.
In Chapter 6 , the effect of three different cleaning processes on the surface 
chemistry and adhesion properties of a HDGS with poor adhesion properties will be 
investigated.
In Chapter 7, the adsorption of the main components of a prototype UV-cured 
coating on HDGS panel will be studied, to estabhsh the manner in which these 
components interact with the substrate.
In Chapter 8 , the nature of adhesion failure and subsequent failure between 
HDGS and the UV-cured coating will be investigated. The model will be based on the 
results of the adsorption studies and the surface analysis of the HDGS/coating interface 
failure surfaces.
In Chapter 9, the results obtained during the work will be summarised and 
discussed, highlighting the progress achieved and discussing their relevance from an 
industrial point of view.
In Chapter 10, the conclusions on the work undertaken so far will be provided, 
and future work necessary to prepare a new class of coatings with better adhesion on 
HDGS will be proposed.
Hot-dip Galvanised Steel 
and UV-cured Coating 
Technologies
2.1 Introduction
The aim of this chapter is to address the issues involved in the interactions HDGS 
with organic coatings.
In the first section the attention will be focused on HDGS, to give a 
comprehensive view of the production process, underlining the importance and the 
influence of the various manufacturing process steps on the final system. A review of 
work undertaken from other research groups will be also presented, to establish what 
has been achieved and what is missing in the knowledge of the surface chemistry of 
HDGS.
In the second section attention will move to the organic coating side, introducing 
the UV-cured coatings that can be used in the coil coating industry. An overview on 
their composition, chemistry, and properties will be presented, in order to illustrate the 
advantages in choosing this class of coatings.
In the final section of this chapter a review of the interactions that can occur 
between an organic coating and a metal substrate will be presented, in terms of bond 
types and adsorption of the coating on the metal substrates, giving a general overview 
before considering, more specifically HDGS substrates and UV-cured coatings.
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2.2 Hot-Dip Gaivanised Steei
2.2.1 Introduction
In 2006 forty four and a half percent of the annual consumption of zinc, the fourth 
most widely used metal in industry, was employed to coat steel to improve its corrosion 
resistance [1], The zinc coating protects the steel substrate in two ways: firstly it offers a 
barrier protection by not allowing the steel to come into contact with the environment, 
and secondly it offers a galvanic (cathodic) protection by acting as sacrificial anode 
with the zinc corroding rather than the steel [1 0 ].
Different methods can be used to apply a zinc coating. The use of the final 
product, and the specifications required to the product have to be considered very 
carefully to select the best possible solution [11]. Electro deposition, metahzing, 
sherardizing, painting (sometimes referred to as cold galvanising) and hot-dip 
galvanising are the most used methods to apply a zinc coating, with hot-dip galvanising 
being the most popular [1 2 ].
Hot-dip galvanising is the most important, wide spread and best known of the hot- 
dip coating processes. Hot-dip coating is a process used to apply a metal coating over 
the surface of another different metal by dipping it in to a bath of the desired molten 
element. The use of hot dip coating processes is limited by the melting point of the 
metal chosen as coating, which must be “low”, and by the melting point of the metal to 
he coated, that has to be much higher than the bath temperature [13, 14]. Besides the 
zinc (melting point 450 °C), the metals apphed via hot-dipping in a large-scale are tin 
(hot-dip tinplating) and aluminium (hot-dip aluminising), metals whose melting points 
are respectively 231.9 and 660.2 °C [15]. The main field for hot-dip tinplating has been 
food processing and canning industries, thanks to the non-toxicity of metaUic tin [13, 
16], even though the use of aluminium containers has drastically reduced the use of tin 
in recent years. Hot-dip aluminising products are used when a high temperature 
oxidation resistance is required [13, 17]. The moderate cost of the hot-dip process, the 
apphcation of the coating on the two sides of the metal sheet to protect them both at the 
same time, and the ability to coat components of complex geometries are the main 
advantages of hot-dip coating [1 1 ].
Hot-dip galvanising can be either a batch or a continuous process. Even though 
some aspects are similar for the two processes, hereinafter the attention will be 
exclusively focused on continuous hot-dip galvanising processes, which are the relevant 
ones for coil coating technology. A description of the galvanising process will now be 
given, underlining the importance and influence of the various steps of the process on 
the final HDGS surface properties.
2.2.2 Hot-Dip Galvanising Process
The first galvanising process to have a huge impact on the galvanising industry 
was the Sendzimir coating process. The first Sendmizir coating line was installed in 
1936 in Pennsylvania by Arco Steel Corporation. Since then, it has become the most 
widely used galvanising process in the world, followed by the Cook-Norteman process
[18].
A schematic view of a Sendzimir-type line, with the various process steps, is 
shown in Figure 2.1. In order to achieve a good quality zinc coating, all the various 
steps of the galvanising process have to be carefully controlled.
Annealing 
Oven
Coil of Gold 
Rolled Steel
\
\
Alkaline
Clean
Air knives for cooling
Nitrogen knives for 
controlling zinc thickness
Quench Oiling
Re-coil
'■ " )
Skin Pass Cleaning 
Zinc Bath
Figure 2.1 Diagram of a Sendzimir-type galvanising line for a steel coil, with all the principal 
steps of the process identified (courtesy of Becker Industrial Coatings [2]).
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A clean steel surface, free from organic contaminations, such as oils and grease, 
and from oxidation products like rust, is very important to obtain a good adhesion 
between the steel and the zinc coating [18-20]. A high level of surface cleanliness is 
achieved by oxidising and then reducing the surface [18]. The original steel is oxidised 
and after rinsing and drying it is treated with an alkaline solution, generally hased on 
sodium hydroxide [19], with the spontaneous formation of iron oxide and hydroxide
[19]. The reduction of the steel takes place immediately after the oxidation in the 
annealing oven, which is kept at a temperature of 750-950°C in a N2/H2 reducing 
atmosphere [18, 19]. Since the temperature reached by the steel is much higher than the 
temperature of the zinc bath, in the annealing oven there is a second part where the steel 
is a cooled down to a temperature of 480-510°C [18]; this temperature has to be 
controlled, since it has an influence on the microstructural growth of the coating [2 1 ]. 
The presence of an annealing oven within the galvanising line is the major difference 
between the Sendzimir and Cook-Norteman processes [13, 18, 19]. Because of the 
presence of the annealing oven within the galvanising hne, the Sendizimir process has a 
higher speed than the Cook-Norteman process to produce the same coating thickness 
[22]. In the Sendzimir process, steel is coated at a speed of 175-200 metres per minute, 
with a dwell time on the molten bath of 4-8 seconds [19]. The speed of the process is 
influenced by the desired coating thickness, the higher the speed of the galvanising 
process, the lower the thickness o f the coating [2 2 ].
The thickness of the zinc coating is influenced not only by the speed of the 
process, but also by the temperature and composition of the bath [23, 24], by the 
composition of the coated steel [22, 24], and by the strength of the air knives [24].
Based on the final application of the product, specific regulations have to be 
followed to select the steel to coat. For example ASTM A366 [22, 25], which regulates 
cold rolled carbon steel of commercial quality, fixes hmitations for the amount of 
carbon, manganese, phosphorus and sulphur, since these elements influence the growth 
of the zinc coating on the steel surface [24, 26]. The silicon present in the steel also has 
a strong influence on the thickness and appearance of the zinc coating [26]. High silicon 
content leads to thicker zinc coatings, but also to reduced zinc coating/steel adhesion 
according to Camurri et al [27].
The composition of the zinc bath may be very different from line to line since 
several elements could be added to modify specific properties of the final coating;
- 10-
however a minimum of 98% of pure liquid zinc is required in the bath for HDGS. The 
most important addition in the bath is aluminium, which affects the metallurgy of the 
zinc coating, as will be shown in the next section. The addition of aluminium has also 
the effect of giving a bright appearance to the zinc coating [24, 27]. Other elements that 
have been added in the past are lead, which increases the fluidity of the bath [28], 
silicon, which is added to inhibit the iron dissolution during the coating process [29], 
and antimony, which regulates the grain size or spangle of the zinc deposit [30].
The thickness of the coating is controlled by passing the coated steel through 
nitrogen knives [31] placed after the zinc bath. The HDGS is cooled by passing it 
through air knives and by quenching it. In case of application of organic coatings within 
the galvanising line, an high level of cleanliness is necessary to avoid the presence of 
contamination that can compromise the adhesion of the applied organic coating [32].
2.2.3 Zinc Coating Metallurgy
When the steel sheet is immersed in the molten zinc bath, a complex Zn-Fe 
equilibrium is reached. This results in the formation of a multiphase zinc coating/steel 
interface, the micro structure of which is shown in Figure 2.2 [33], with different Fe-Zn 
ratio and properties for the various phases.
(100 at.% Zn)
70 DPN Hardness
(94 at.% Zn 6 at.% Fe) 
179 DPN Hardness
(90 at.% Zn 10 at.% Fe) 
244 DPN Hardness
(75 at.% Zn 25 at.% Fe) 
244 DPN Hardness
Base Steel
159 DPN Hardness
Figure 2.2 Microstructure of a hot-dip zinc coating covering the steel [33]. The zinc coating/steel 
interface is formed by distinct layer, each with different structure and properties, like the hardness of the 
coating.
The Zn-Fe binary phase diagram is shown in Figure 2.3 [19]. The first phase to be 
formed is the  ^ intermetallic (FeZun), the richest in zinc. This phase has a monoclinic 
structure, with a zinc and an iron atom surrounded by twelve zinc atoms. The § phase
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(FeZnio) is the second phase to be formed. It has a hexagonal unit cell, which growths 
perpendicularly to the zinc/steel interface, giving it a columnar structure. The gamma 
layer, the last to be formed, is composed by two different phases that form a thin planar 
layer over the steel surface: the F i (FegZuzi) has a face centred cubic cell, and the F 
(FesZnio), with a body centred cubic cell. A schematic representation of the zinc coating 
growth is shown in the left hand side of Figure 2.4 [34]. The presence of the 5 phase 
makes the zinc coating brittle. Given the columnar structure of the 5 phase, cracks can 
occur that propagate through the rest of the zinc coating [19].
Atomic Percent Zinc
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Figure 2.4 Schematic representation of the growth of the zinc coating on the steel surface. On the 
left hand side the growth in absence of aluminium in the molten bath [34]; on the right hand side the 
growth when aluminium is added in the bath [35].
The addition of aluminium in the zinc bath is a common practice among the 
HDGS manufacturers to obtain more durable and less brittle coatings [10, 13, 18, 19, 
35]. Aluminium has been added to the zinc bath for a long time, even though in the first 
decades of the twentieth century, not only was its importance unknown, but also it was 
believed that aluminium addition had a negative impact on the galvanising process by 
reducing the coating thickness and by producing dark spots on the coating surface [36].
The aluminium added in the zinc bath reacts with the iron to form a Fe2Al5 layer 
that retards the Fe-Zn reactions [35]. The liquid zinc can penetrate the FezAlg layer to 
react with the iron, forming the 8  phase, followed by the formation of the T phase, as 
shown on the right hand side of Figure 2.4 [35]; the FezAlg layers avoids the formation 
of a continuous 8  phase layer, such a continuous layer is responsible for brittle zinc 
coatings. If the aluminium is added in the bath at less than 0 . 1  wt.%, it speeds up the 
Zn-Fe reactions instead of avoiding the formation of the continuous 8  phase [22].
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The effect of the aluminium addition can be optimized by: increasing the 
aluminium content of the molten bath, using a lower bath temperature, having a low 
amount of iron in the bath, increasing the bath agitation, increasing the amount of 
silicon in the steel, and decreasing the roughness of the steel [24].
An important parameter in the galvanising process is the temperature of the 
molten bath. Based on the quantity of aluminium added in the zinc bath, different 
temperatures are used. When the aluminium is less than 0.3 wt.%, standard HDGS, the 
bath temperature is within the range 445-460°C. In case of aluminium at 5 wt.%, the 
Galvafan products [19], the bath temperature is kept at around 450-475°C. In case of 
aluminium at 55 wt.%, Galvalume [19], the bath temperature is close to 600°C [19].
The use of ZnO [37, 38] and V2O5 [38] instead of aluminium has been proposed 
to accomplish a less brittle zinc coating; the use of these oxides requires an additional 
step in the galvanising process, which, in addition to the necessary higher temperature 
in the zinc bath, leads to higher production costs [37]. At the current state of the art, the 
aluminium addition is irreplaceable to obtain a good zinc coating.
2.2.4 HDGS Surface Chemistry
It has been shown above how important the addition of aluminium to the zinc bath 
is, as it results in the formation of a Fe2Al5 layer that prevents the growth of a 
continuous brittle FeZnio layer. During the solidification process, the aluminium that 
has not reacted with the iron solidifies alongside the zinc. The sohd solubility of 
aluminium in zinc is low because of the different crystal structure of the two metals, 
face centred for the aluminium and hexagonal close packed for the zinc [39]. The result 
is the segregation of the aluminium to the surface of the zinc coating. The aluminium 
segregation is also favoured by its high affinity with oxygen [40], which leads to the 
formation of aluminium oxide.,
The use of surface analysis techniques has played an important role in the 
understanding of the segregation of aluminium to the zinc surface. Even though 
techniques such as glow discharge optical emission spectroscopy (GD-OES) [41], FTIR 
reflectance spectroscopy [42], and X-ray diffraction (XRD) [43] have been employed in 
the study of HDGS, the contribution provided the surface analysis techniques is critical.
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Investigating the surface chemistry of hot-dip galvanised steel (HDGS) by X-ray 
photoelectron spectroscopy (XPS), Rodnyansky et al found that the aluminium 
concentration on the surface was much higher than the percentage used in the zinc bath 
(less than 0.9 wt.% added in the bath, 19 at.% observed in the surface) [39], showing 
how the aluminium migrated to the zinc coating surface. The aluminium segregation 
was also observed by Feliu and Barranco [44] who used XPS to investigate HDGS 
samples in which the zinc bath contained up to 5 wt.% aluminium, indicating that the 
aluminium segregation does not depend on the amount that is added in the bath. The 
aluminium is mainly present as an oxide on the HDGS surface, forming an oxide layer 
whose thickness has been estimated as 3-4 nm [39, 40, 44-46]; due to its high affinity 
with the oxygen, almost all the aluminium segregated to the coating surface during the 
sohdification process is present as aluminium oxide.
The other element that characterises the HDGS surface is, obviously, zinc. The 
zinc has always been observed by XPS in two different chemical states, oxide and 
metal; differently from aluminium, the zinc oxide concentration is not always higher 
than the metal zinc [39, 45]. This brief literature review on HDGS shows the 
complexity and variability of HDGS surface chemistry. Even though some important 
features have been established, such as aluminium segregation, more research work is 
necessary to achieve an exhaustive understanding of HDGS surface chemistry, in order 
to refine the general model that presents an aluminium oxide layer sitting above the zinc 
coating deposited over the steel. The main points that require clarification are:
" Distribution of zinc and aluminium on HDGS surface 
“ Identification of surface characteristics responsible for good adhesion
2.2.5 Surface Pre-Treatments
2.2.5.1 Introduction
After leaving the zinc bath, the coated strip can be skin-passed and passivated, as 
shown in Figure 2.1 before being re-coiled. The skin-pass process is usually employed 
to modify the HDGS surface, prior to the application of an organic coating, passivation 
is used when painting is not required.
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2.2.S.2 Skin-pass
The skin-pass, more correctly known as temper-rolling, is a process used in the 
metal industry to give the final form to metals, especially cold rolled steel sheet [47], 
processes carried out with untextured plain rolls. During this process, the thickness of 
the metal sheet is reduced and its length increased [48]. The temper rolling is referred as 
the skin-pass process when the thickness reduction is very low, ca. 1% [48]. The main 
purpose of using a skin-pass at a low degree of reduction is to flatten the sheet and give 
it the desired surface finish [48], hmiting also spangle development.
Figure 2.5 Secondary electron images of HDGS: (a) not skin-passed, (b) skin-passed with a reduction of 
0.75, (c) skin-passed with a reduction of 1.5% [50].
The skin-pass step is employed prior to the apphcation of an organic coating, 
since it improves the organic coating/metal adhesion by increasing the surface 
roughness, providing more contact area for the coating to interact with (mechanical 
adhesion) [49], and preventing a reduced dry-film thickness over substrate asperities. 
During the skin-pass process, the rough impression of the rolls is transferred to the 
metal sheet [51].
Regarding the influence of the skin-pass process on HDGS, Puomi et al [50] 
showed that by increasing the roughness of the skin-pass rolls, the topography of the 
HDGS surface changes, as shown in Figure 2.5 [50] and the aluminium concentration, 
obtained by XPS analysis, on the HDGS surface is reduced.
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2.2.5.3 Alkaline Cleaning
At the end of the galvanising hne, the coated sheet is re-coiled before being 
stacked. To facilitate the coiling, the sheet may be oiled, as indicated in Figure 2.1. 
Before an organic coating is applied, the layer deposited during the oiling process has to 
be removed to ensure good adhesion between the HDGS and the organic coating to 
apply [40]. A way to achieve a good level of cleanliness of the surface before coating is 
to rinse the HDGS in alkaline solution [40, 45, 52].
The alkaline cleaning has a very strong impact on the surface chemistry o f HDGS, 
since it not only removes the organic contamination, but also it dissolves the aluminium 
oxide layer and oxidises ah the zinc present in the HDGS surface [40, 45]. The final 
impact of the alkaline cleaning depends on several parameters such as solution 
composition, which is generally based on sodium or potassium hydroxide, pH of the 
solution and temperature of the process [52]. The proposed reactions, relating to the 
HDGS constituents, to describe the dissolution process are [40]:
AI2O3 + 2 0 H '+ 3 H2O  ► 2 A1(0 H)4 ' (2.1)
Zn + 20H- + 2 H2O  ► Zn(OH)4 '+ H 2 t  (2.2)
2.2.5.4 Conversion Coatings
Conversion coatings are apphed to metal substrates to improve their corrosion 
resistance and paint adhesion [53]. The two main conversion coatings used for HDGS 
are chromate and phosphate conversion coatings, with chromating being the most 
common in the coil coating industry and phosphating for automotive applications [46].
A clean metal surface is a necessary condition for an effective chromating process 
and for this reason alkaline cleaning is always performed prior to the apphcation o f the 
chromate conversion coating [46]. A rinsing step, generally in hot water [54], follows 
the cleaning to remove the contamination left by the previous stage. The removal o f this 
alkaline contamination is very important since it could modify the pH of the chromating 
solution, compromising the whole process [54].
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The composition of the chromating bath depends on the metal substrate; in the 
case of galvanised steel, aqueous solutions. containing are used [54]. In the 
galvanised hnes, the chromating process is performed by exposing the HDGS surface to 
the selected solution [46]. The involved reactions are [46]:
2Zn + 4 H + - --------► Znz" +H2T (2.3)
2C rO /- + 3 H2 + IOH+  -----► (2.4)
The composition of the deposited coating is xZnCr0 4 *yZn(0 H)2*3 Zn [55]; exact 
composition and colour of the chromate conversion coating depend on the composition 
of the solution used [55].
The chromate passivation coatings are the most commonly employed in coil 
coating technology thanks to the corrosion resistance offered and their high paintibility, 
however it is now weU known that hexavalent chromium is environmental unfriendly 
and carcinogenic [56, 57], so its use is on the wane and will probably cease within the 
next few years.
Phosphating is also popular for use on HDGS [58]. The chemistry will vary, but 
for HDGS, zinc phosphating is preferred, using solutions based on zinc phosphate [46]. 
Like chromating, a high level of cleanliness of the metal is required to obtain a good 
coating [53]. The phosphate conversion coating is formed by precipitation of a zinc 
phosphate layer, formed following the reactions [46]:
2Zn + 4H+ ► Zn2^+H 2 Î (2.5)
3Zn^++ 2H2P04'---------- ► Zn3(P04)2  + 4 i r  (2,6)
The application of a phosphate conversion coating to HDGS can require an 
intermediate step between the cleaning and the phosphating, a step necessary to initiate 
the reactions involved in the phosphate coating deposition [55]. For this reason, the 
phosphating is less suitable than chromating for continuous technology like coil coating.
Silane [59-62] and zirconium [63, 64] based pre-treatments have been 
investigated to replace chromate and phosphate conversion coatings, but they do not 
offer the same level of performance in terms of the adhesion of the applied organic 
coating.
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2.3 UV‘Cured Coatings
2.3.1 Introduction
The use of UV-cured systems has been increasing in recent years, with all the 
principal organic coating manufacturers developing new formulations to improve the 
performances of their products. The need for reducing the use of volatile organic 
compounds (VOCs) has been the main driving force leading to the success of UV-cured 
coatings [65]. VOCs are substances that can evaporate quickly, increasing the pollution 
level. Since most of the solvents used in paints and adhesives are classified as VOCs, 
the amount of solvent employed has to be drastically reduced [6 6 ]. There are two 
routes that the coating industry has followed to achieve a reduction of solvents use [6 6 ]: 
the use of low molecular weight thermally cured resins (low viscosity) [67], and 
development of new classes of coatings such as powder, water-based and UV-cured 
coatings [6 6 ].
Alongside the environmental aspect, the success of UV-cured systems is a result 
of the advantages they possess, such as [6 8 , 69]:
■ High speed of the coating process that leads to higher productivity; the 
conventional thermal curing process of some industries requires dwell times 
in order of minutes, while UV-curing requires fractions of seconds.
■ Possibility to cure specific parts by local illuminating, allowing the 
production of complex patterns.
■ Reduction of energy consumption given by the ambient temperature 
operation.
UV-cured coatings are employed to protect plastics, metals, wood, leather, optical 
fibres, paper; almost every possible kind of substrate [6 8 , 69]. Depending on the 
apphcation, different formulations are prepared in order to fulfil the specific 
requirements needed. However to date the technology has not been completely 
accepted by the coil coating industry because of the better performances of the 
thermally cured systems.
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In the following sections, the main components of UV-cured systems will be 
briefly described, and the principles of the curing process given, as an introduction to 
the chemistry and properties of these systems.
2.3.2 Polymerisation and Photo Initiators
The principle of UV curing is quite straightforward; the coating is irradiated 
with UV hght, of wavelength 250-400 nm, radiation that causes the formation of 
radicals that interact with the monomers of the coating generating a chain reaction that 
leads to the curing of the system. In reahty, the curing is more complex, starting from 
the formation of the radicals that promote the chain reaction.
The UV radiation promotes the excitation of the polymeric molecules, which 
can undergo in series of various competitive processes [69, 70], one of which leads to 
the formation of radicals. In order to increase the efficiency o f the curing, photo 
initiators, additives that have a large absorption in the wavelength range of the source 
used and that easily form radicals, are added in the coating formulation.
The photo initiators are added at 2-15 wt.% [70]; adding photo initiators in a too 
high quantity can cause serious problems to the final coating, since they can migrate to 
the coating/metal interface, as shown by Leadley et al [71], causing poor adhesion 
between the metal and the coating. The choice of the photo initiator is influenced by its 
availability and toxicity, its compatibility with the other components of the coating [69], 
especially with the monomer to polymerise since different polymerisation mechanism 
can occur. These mechanisms can be divided in two major groups [6 8 ]: photo initiated 
radical polymerisation and photo initiated cationic polymerisation.
In Figure 2.6 [6 8 ] the polymerisation mechanism of a diacrylate monomer with 
the use of a benzophenone derived photo initiator is shown. The photo initiators used to 
activate this mechanism needs to contain bonds whose dissociation energy is lower than 
the excitation energy of the reactive state, and to have sufficient thermal stability [69]. 
The cleavage of the photo initiator is the initiation step of the chain reaction that leads 
to the polymerisation of the system, the reaction then continues until two polymer chain 
radicals react [72]. The presence of oxygen inhibits the reaction since the oxygen can
-20-
quench the excited photo initiator before radicals are formed, or react with the radicals 
forming inactive species [69, 72].
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Figure 2.6 Polymerisation scheme of a diacrylate monomer with the use of a benzophenone derivate 
photo initiator [68].
Photo initiated cationic polymerisation occurs when the monomers do not react 
with the radicals. This mechanism is quite different from the mechanism of photo 
initiated radical polymerisation. In this case, the polymerisation is not driven by the 
formation of radicals, but by the formation of Brdnsted acids that causes the 
polymerisation. The photo initiators are usually onium salts which, after being irradiated 
by the UV light, produce the acid necessary for the polymerisation. An example of how 
the Bronsted acids are produced is shown in Figure 2.7 [71].
initiation
A e  Ultraviolet LightATnom M )
Sutfbnium
Salt
[ArnSm'w]*
Exdted Sulfonium 
Salt
Homotytic Cleavage 
A^rflSni M j — —; Ar(n-i)S'^
Radical
Cation
Active Hydrogén Source
Ar(n-i)S*H Af(e.1)S + H*
Anionic
Af
Free
Radicals
Polymerisation of Cycloaliphatic Epoxide 
Figure 2.7 Photolysis scheme of a polyarylsulfonium salt (Ar„ aryl group; sulfonium) [71].
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Photo initiated cationic polymerisation has two important advantages over the 
other mechanism: it is not affected by the presence of oxygen and the polymerisation 
continues after UV exposure [68]. Vinyl ethers and epoxides are the principal families 
of monomers polymerised with this mechanism, however the lower speed of the curing 
process and the higher costs of the raw materials, in comparison with other families of 
systems, have not allowed an high degree of market penetration (example of epoxy 
polymerisation in Figure 2.8 [68]).
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Figure 2.8 Polymerisation mechanism of an epoxy system [68].
A method used to improve the properties of UV-cured coating is to add to the 
formulation monomers of different chemical natures, even with different polymerisation 
mechanisms; as shown in Figure 2.9 the different monomers polymerise at the same 
time, following their own mechanism. In this way it is possible to combine in the same 
coating properties characteristic of the different monomers in the formulation.
UV-cured groups can also be used in combination with thermally cured groups 
in the so called dual-cure systems, allowing the complete cure of bodies with shadows 
that cannot be reached by the UV light. The major limitation of these systems is the low 
cure speed, due to the thermal cure step [73, 74].
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Figure 2.9 Polymerisation of an UV system including epoxy and acrylate monomers [68].
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2.3.3 Oligomers
In order to minimise the use of solvents and to avoid high viscosity, low 
molecular weight monomers, usually called ohgomers or prepolymers, are used in UV- 
cured coating formulations. These ohgomers must contain centres that can interact with 
the radicals to polymerise and form a network. The centres of interactions are usually 
C=C double bonds. Acrylates are the most widely used ohgomers in UV-curing systems 
because of their high reactivity, i.e. fast curing, and their optical, chemical and 
mechanical properties [68].
A great variety of acrylate systems are commercially available: epoxy acrylates, 
urethane acrylates, polyester acrylates, silicone acrylates, acrylated amines, acrylic 
acrylates. The general structure and the properties of epoxy, urethane and polyester 
acrylates, the most common, are given respectively in Figure 2.10 and Table 2.1 [69].
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Figure 2.10 General structure of (a) epoxy acrylates, (b) urethane acrylates, (c) polyester acrylates [69]. 
Table 2.1 General properties o f the most diffused acrylic olygomers [69].
Property Epoxy acrylates Urethane acrylates Polyester acrylates
Viscosity High High Variable
Dilution with monomers Easy Easy Easy
Cure speed Very fast Variable Variable
Flexibility Poor Good Variable
Chemical Resistance Excellent Good Good
Cost Low High Variable
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2.3.4 Reactive Diluents and Additional Components
The use of low molecular weight oligomers is often not sufficient to achieve a 
low viscosity in the final system. In order to reduce the viscosity without employing 
solvents, molecules containing carbon double bonds are then included in the 
formulation. These molecules are known as reactive diluents, diluents because they are 
added to reduce the viscosity of the solvent, acting as proper diluents, reactive because 
with their carbon double bond they can be involved in the polymerisation reaction and 
be incorporated to the polymer chain network formed [70]. Acrylates and methacrylates 
are commonly used as reactive diluents.
A very low vapour pressure of the reactive diluent is required in order to avoid 
evaporation during the curing, with the consequential environmental pollution [70]. 
Vapour pressure, cure speed, viscosity, glass transition temperature, toxicity, 
compatibility with the ohgomer, and cost are the variables that must be considered in 
the choice of the reactive diluents to include in the UV-cured coating formulation [69].
The choice of the reactive diluents and the quantity added in the formulation 
have an influence on the properties of the final coating, both bulk properties such as 
tensile strength [75], glass transition temperature [76], flexibility and abrasion 
resistance [77], and surface properties like the surface free energy [78].
Other components that can be found in UV-cured coating formulations are 
coupling agents or adhesion promoters [79], and light stabilizers [80, 81]. The hght 
stabilizers increase the life-time of the coating, but with their presence the cure speed is 
reduced since they can absorb part of the UV-hght used to cure the coating.
The use of reactive diluents to reduce the viscosity of the UV-cured coating can 
be avoided by employing waterbased ohgomers. These systems present some 
advantages on the traditional systems, such as reduced toxicity and odour [70], but their 
curing is slower than the curing of traditional systems. Masson et al [82] studying the 
curing process of a water based urethane-acrylate systems pointed out that the curing 
speed of this class of coating is lower than the conventional UV-cured coating. Before 
curing, all the water must evaporate. This can be achieved by heating the substrates in 
an oven or by infrared radiation. In both cases, it requires the addition of a preparation 
step, that implies not only a lower speed of the process, but also higher costs.
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2A Coating on Metai Substrates
2.4.1 Introduction
The adhesion between the metal substrate and the protective organic coating plays 
a crucial role in determining quality and performances of the final system. In case of 
poor substrate/coating adhesion, the organic coating will peel off quite easily, leaving 
the metal substrate uncovered and unprotected, or be disturbed by the electrochemical 
half reaction that may occur if the coating is locally damaged and the substrate exposed.
In order to achieve the best possible adhesion between the metal substrate and the 
organic coating, not only the choice of the coating is important, but also attention must 
be paid to the preparation of the metal surface.
Regarding the preparation of the metal substrate, the main concern is to achieve a 
high level of cleanliness by removing all the organic contaminations that can occupy the 
adsorption sites on the metal surfaces, inhibiting interaction between the metal and the 
apphed organic coating, and in the most severe cases acting as a weak boundary layer. 
Due to the high reactivity of most metals and oxygen, an oxide layer is always formed 
to reduce the surface free energy [83] which implies that the coating will interact with 
an oxide and/or hydroxide layer.
In the description of the galvanising process and the properties of HDGS, it was 
shown how important surface pre-treatments are, and which pre-treatments are usually 
applied to HDGS prior to the apphcation of an organic coating. Other pre-treatments are 
available to clean or modify the metal substrates, like corona-discharge and flame 
treatments, but they are not employed in the pre-treatment of HDGS.
When an organic coating is apphed, it must spread over the substrate to make 
intimate contact with the surface of the substrate [84]. The viscosity of the organic 
coating plays a crucial role in the apphcation to a metal substrate; the lower the 
viscosity, the easier the spreading. This is the reason why the organic coating 
manufacturers are so concerned about this property, as discussed in the previous section 
on UV-cured coatings. Efficient wetting of the metal surface brings the coating into an 
intimate contact with the substrate; this is essential since the forces responsible for
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adhesion are short-range occurring at sub-nanometres levels. A brief description of the 
phenomena involved in coating/metal adhesion will be given in the next sections.
2.4.2 Mechanisms of Adhesion
Four different mechanisms have been proposed in order to explain adhesion 
phenomena [85]:
a) Mechanical interlocking
b) Diffusion theory
c) Electronic theory
d) Adsorption theory
The mechanical interlocking theory is based on the concept that an organic layer 
can penetrate in the cavities of an irregular surface before hardening. The liquid coating 
can penetrate into pores only if it can wet the surface and the pores have the right shape 
to accommodate the coating [86]. This mechanism can rarely be identified as the only 
one responsible for adhesion, like in the case of an amalgam filling in a tooth, but it can 
play a role in improving the adhesion. Mechanical interlocking plays a role in the 
adhesion between organic coatings and HDGS, as seen in the description of the skin- 
pass of the surface, as it increases the level o f interfacial contact between substrate and 
coating.
The diffusion theory is usually applied to two polymeric bodies in contact. The 
base of the theory is that the chains of the two polymers in contact can interdiffuse if the 
two polymers have very similar solubility parameters and if the polymeric chains have 
enough mobility. The diffusion theory is usually not applicable to describe the adhesion 
between an organic coating and a metal substrate.
The electronic theory was first proposed to explain the adhesion between two 
metal bodies with different electronic band structures. An electron transfer will occur 
between the two metals until the Fermi levels are aligned. The result of this electron 
transfer is the formation of an electrical double layer which gives attractive forces
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between the two bodies. The application of this theory to organic coating/metal 
substrates is quite hmited since almost all the organic coatings are insulators.
The adsorption theory is the most widely applicable theory for polymer-to-metal 
adhesion studies. The adsorption theory is based on the principle that when the 
adsorption of a liquid (coating) on a sohd substrate occurs, molecular forces between 
atoms and molecules of the two bodies are generated. The nature and magnitude of 
these forces depends on the materials o f the two bodies. The possible attractive forces 
generated are summarised in Table 2.2 [85].
Table 2.2 Different types of bonding and relative energies [85].
Type of bonding Energy of Bonding (k j mol'^)
Primary Bonds Ionic 600-1000
Covalent 60-70
Metallic 110-350
Donor-Acceptor Bonds Bronsted acid-base Up to 1000
Lewis acid-base Up to 80
Hydrogen bonds Up to 40
Secondary Bonds Permanent dipolp-dipole 4-20
(van der Waals forces) Dipole-induced dipole < 2
London (dispersion) forces 0.08-40
2.4.3 Adsorption Isotherms
The adsorption theory describes the adhesion between two different bodies in 
term of intermolecular forces created between the molecules of the two interacting 
bodies. Since the magnitude of these forces is quite low, intimate contact and a large 
number of bonds are necessary to achieve a good interaction. Intimate contact between 
the metal substrate and the organic coating is reached when the organic molecules are 
adsorbed on the substrate. Adsorption studies were first used to describe the interaction 
of a metal substrate with gas molecules, but their use has been successfully extended to 
liquid/solid systems, such as organic coatings components on metal substrates.
Based on the forces generated during the adsorption, this phenomenon can be 
classified as physisorption or chemisorption. In case of physisorption, the interaction 
leads to van der Waals forces, with an enthalpy of adsorption typically in the region of
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-25 kJ mol ; in case of chemisorption the interaction is based on charge transfer 
between the adsorbate and the substrate and the consequent formation o f chemical 
bonds, with a enthalpy of adsorption less negative than -40 kJ mol'^ [87]. Physisorption 
and chemisorption present two other main differences: increasing the temperature, the 
amount of material adsorbed increases in case of chemisorption while it decreases in 
case of physisorption, chemisorption leads to the formation of a monolayer since only 
the molecules directly in contact with the substrate can form chemical bonds, while 
physisorption can lead to the formation of multi-layers, as described by the well known 
Brunauer-Emmett-Teller (BET) adsorption isotherms [87].
The adsorption of a gas can be studied by constructing isotherms, isosteres or 
isobars whereas in case of adsorption from a Hquid isotherms are usually employed. 
Several models, based on different assumptions, have been developed to study the 
adsorption, with Langmuir, Temkin and Freundlich isotherms usually employed to 
describe the adsorption from liquid phase.
The Langmuir model is the simplest one, and it is based on the following 
assumptions [88]:
■ Only a monolayer can be formed
■ Each site of adsorption can interact only with one adsorbed molecule
■ All the adsorption sites are equivalent
“ The presence of adsorbates in neighbouring sites does not influence the 
adsorption on an adsorption site
■ The enthalpy of adsorption is constant during the whole process
Based on these assumptions the fractional monolayer coverage, 0, is expressed as:
0 = b P / ( l + b P )  (2.7)
where P is the pressure, and b is the ratio of the rate constants for adsorption and 
desorption. The constant b is related both to the enthalpy of adsorption and temperature, 
and is expressed as:
b = bo exp (Q/RT) (2.8)
where bo is a frequency factor, Q is the interaction energy, R is the gas constant and T is 
temperature. Expressing 0 as 0 =F / Fm, where F is the volume o f gas adsorbed with the 
general term and Fm is the monolayer coverage. Equation (2.1) can be rearranged as:
-28-
p / r  = ( i / b r m)  + (P / rm)  (2.9)
In case of adsorption from liquid phase, the Langmuir equation can be expressed as:
c /x = (1 /  bLm) + (c /Tm) (2.10)
in which c indicates the solution concentration, and x the surface concentration of
adsorbate, a value that can be measured by XPS or ToF-SIMS [89].
Both Temkin and Freundlich models are based on the assumption that the
enthalpy of adsorption increases during the process, hnearly in case of Temkin
isotherms and logarithmically in case of Freundlich isotherms [88]. The Temkin and 
Freundhch isotherms can be expressed respectively as:
0 = ciln(c2P) (2.11, Temkin)
0 = CiP^ ^^  ^ (2.12, Freundlich)
where ci and ci are thermodynamic constants dependent on temperature and the surface 
area of the substrate [88]. In case of adsorption from liquid phase, the two equations can 
be rewritten in terms of solution concentration, c, and uptake measured by XPS or ToF- 
SIMS as:
X = bine (2.13, Temkin)
X = bc^ *^^  ^ (2.14, Freundlich)
In traditional adsorption studies from liquid solutions, the interaction between 
the solute and the metal substrate is facilitate by the presence of the solvents, which 
increases the mobility of the solute, and by the absence of other species that can interact 
with the substrate instead of the solute. This scenario does not to reflect the real coil 
coating conditions, where the use of solvent is drastically reduced and several 
components that can interact with the metal substrate are present at the same time.
In order to relate the findings of adsorption studies to the interactions occurring 
when a coil coating is applied, a reduction of solution viscosity by reduction o f solvent 
concentration and the addition of other solutes could be considered. This kind of study, 
which has not been considered in hterature, has been undertaken in Chapter 7.
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2.4.4 Interfacial Failure
The adhesion between two materials can be destroyed by applying a certain 
amount of stress. The separation of the two bonded materials is not always due to poor 
adhesion, since the fracture could occur in the adhesive layer, or within one of the two 
materials, as shown in Figure 2.11. Identification of the locus of failure is very 
important to understand the cause of the failure.
A failure within one of the two materials bonded, as in the bulk of the adhesive 
or coating, is referred as cohesive failure. The failure can be originated from within the 
bulk of the material, or very close to the interface, in a weak boundary layer, that could 
be either a brittle oxide layer or a contamination layer. If a failure within the bulk occurs, 
it is relatively easy to identify, great care must be paid in the case of a weak boundary 
layer. A failure at the interface between the two materials bonded is referred as 
interfacial failure. In case of interfacial failure no organic material residues are left in 
the metal substrate.
(a)
adhesive residues may 
vary in thickness from  < 
Inm  to half the glue line 
thickness on the side w ith 
the thinnest overlay
cohesive failure
interfacial
failnre clean substrate surface 
w ith no adhesive or other 
residue whatsoever
F igure 2.11 Schematic representation of a) cohesive b) adhesive (interfacial) failure, example relative an 
adhesion joint.
A correct identification of the locus of failure is crucial from a practical point of 
view in order to understand what has to be improved in the system to increase
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performance. In case of cohesive failure of the adhesive, more attention should be paid 
in increasing the strength of the coating, or adhesive, rather than trying to increase the 
strength or density of interfacial bonds. In case of interfacial failure, issues of interfacial 
bonding, pre-treatment and weak boundary layers have to be addressed [90].
Surface analysis techniques can be very helpful tools in identifying the locus of 
failure thanks to their surface sensitivity and the elemental and molecular information 
they can provide. In 1981 Baun [91] suggested the employment of surface analysis 
techniques in combination with microscopy in order to loeahze the locus of failure, 
being aware that the identification of the failure process is not simple since molecules 
characteristic of one phase can migrate in the other body bonded, especially in presence 
of water vapour. In the last three decades the use and technology of surface analysis 
techniques sueh as XPS and ToF-SIMS has been refined and improved, as Watts 
reviewed this in 2005 [92]. Surface analysis techniques allow the identification of 
exactly the locus of failure, as shown by Guimon et al [93] in the investigation by XPS 
of the adhesion between an epoxy adhesive and electroplated and hot-dip galvanised 
steel. Fitzpatrick and Watts [94] carried out ToF-SIMS study of hot-dipped galvanised 
steel joints bonded with an epoxy resin.
2A Concluding Remarks
The scope of this work is to elucidate the mechanism responsible for adhesion 
between HDGS and a UV-cured coating.
This aim can be achieved only by having a complete understanding of the 
HDGS surface chemistry. HDGS surface chemistry has been investigated by several 
research groups, however there are several points that need to be clarified, especially 
regarding the relative distribution of zinc and aluminium. This point is crucial in 
understanding how HDGS interacts with an organic coating, since regions with different 
surfaee characteristics can interact in different ways. For this reason an important part 
of the work presented is dedicated to a complete investigation of HDGS surface 
chemistry.
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The interaction between HDGS and a UV-cured coating will be investigated 
through adsorption studies of the main component of the UV-cured coating before 
studying how the final coating interacts with HDGS.
In the next chapters the attention will be focused on understanding the surface 
chemistry of HDGS, in order to build a general model to elucidate HDGS surface 
chemistry, and furthermore to discover which chemical groups are responsible for 
adhesion, and how they interact with a prototype UV-cured coating. HDGS/coating 
interaction will be investigated following the adsorption on HDGS of the major 
components included in the coating prior investigating the HDGS/coating failure 
interfaces. Prior to these investigations, the surface analysis techniques used in this 
work will be described in Chapter 3.
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Surface Analysis Techniques
3.1 Introduction
A complete knowledge of the surface chemistry is imperative in order to 
understand properties such as corrosion resistance, chemical resistance, and adhesion. 
Elemental composition, chemical state of the various elements, nature of the funetional 
groups and their spatial distribution at the surface are some of the aspects that are 
investigated with surface analysis techniques.
Several surface analysis techniques are available nowadays, eaeh of them 
characterised by unique features and advantages. Unfortunately, there is not a single 
technique capable of providing all the information needed, for this reason the use of 
different surface analysis techniques is required to fully understand the surface 
chemistry of the specimen of interest.
The aim of this chapter is to introduce the surface analysis techniques used in this 
study, i.e. X-ray photoelectron spectroscopy (XPS) angle resolved XPS (AR-XPS), 
Auger electron spectroscopy (AES), scanning Auger microscopy (SAM) and time-of- 
flight secondary ion mass spectrometry (ToF-SIMS).
The basic concepts behind the various techniques will be introduced in order to 
understand how the techniques work, the kind of information that can be obtained, and 
why they were employed in this study. The experimental parameters used for the 
various analyses will be given for each technique.
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3.2 X-ray Photoelectron Spectroscopy (XPS)
3.2.1 Introduction
XPS, also known as electron spectroscopy for chemical analysis (ESCA), is 
probably, the most widely employed surface analysis technique. This techniques allows 
the identification and the quantification of all the elements, apart from hydrogen and 
helium, present on the surfaee present at a concentration of 0.1 at.% or higher [95].
XPS analysis can be performed on a wide variety of specimens, going from metals 
(conductors) to polymers (insulators); the only requirement is ultra-high vacuum (UHV) 
compatibility.
In this study XPS analyses have been employed to obtain the surface 
compositions of various samples, and to evaluate the chemical state of the elements of 
interest through peak-fitting.
3.2.2 Basic Concepts
In XPS analysis, the primary excitation is accomplished by irradiating a sample 
using soft X-rays of well defined energy, part of which is transferred from the X-ray to 
the sample. This energy can be used by the system in different ways, one of which is the 
emission of an electron from a core level, as shown in Figure 3.1 [96].
Ejected K  electron 
(1* electron)
Vacuum 
Fermi
valence band ^ / / / / /
.# e\e # # 0 inadent
Figure 3.1 Schematic view of the photoemission process [96].
The kinetie energy (E k) measured for the photo-emitted electron is directly 
related to the energy of the irradiating x-ray (hv) and to the binding energy (E b ) of the 
orbital level it is emitted from, according to the formula
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Eb = hv -  Ek -W  (3.1)
where W is the spectrometer work function.
Different X-rays can be selected for XPS analysis, with Mg Ka (1253.6 eV) and 
A1 Ka (1486.6 eV) being the most commonly employed. Either a twin anode or a
monochromatic A1 Ka source are available. In the twin anode source two different
anodes are present, providing the possibility of switching easily from one to the other; 
this enables the analyst to differentiate between XPS and Auger peaks in case of peak 
overlap. When a twin anode is used, minor X-ray satellites are also generated; these 
minor X-rays can excite electrons as well as the primary X-ray; the result is the 
presenee of signals due to the electron photoemission generated by these X-rays 
(satellites), and also by the continuum X-ray background (Bremsstrahlung) [96]. The 
use of a monochromatic A1 Ka source avoids the presence of this kind of signal, since 
only the desired X-ray arrives to the sample surface. The removal of the undesired 
radiations is achieved by directing the A1 Ka radiations into a quartz crystal where the 
different radiations are diffracted according to the Bragg’s equation
nX = 2d sinoo (3.2)
where n is the diffraction order, X the X-ray wavelength, d the spacing between 
the crystal’s planes and m the diffraction angle [96]. Other advantages provided by 
employing a monochromator are a better resolution, with narrower x-rays hnes, and the 
possibihty to reduce the beam size to of micrometres [96].
When an electron is photo-emitted, it can arrive to the detector without loosing 
energy (elastically scattered). Alternatively it can lose part of its energy (inelastically 
scattered). The detection of the first eleetrons generates the XPS peaks, while the 
seconds contribute to the spectrum background.
The photo-emitted electrons are selected based on their kinetic energy in a 
hemispherical sector analyser (HSA) before arriving to the deteetor. The electrons are 
focused through the use of specific lenses prior to entering to the analyser. A retard 
potential is also applied to bring the electron at the desired pass energy, i.e. the energy 
established in the analyser.
The XPS depth of analysis is determined by the distance that a photo-emitted 
electron can travel within the material before escaping without loosing energy. A depth 
of analysis of 5 nm is typical o f XPS analysis [96],
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3.2.3 Angle-Resolved XPS (AR-XPS)
AR-XPS is a non-destructive method to obtain information from different depth 
levels. It is based on the principle that by varying the take-off angle of detection, the 
depth of analysis changes, as shown in Figure 3.2 [96].
The depth of analysis (d), which varies with the energy of the electrons, is directly 
related to the attenuation length (X) and the take-off angle (0) by the formula d = 3 X cos 
0 [96]. At 0 = 0°, a take-off angle normal to the surface, the depth of analysis is the 
highest possible, increasing the angle, the depth of analysis is reduced. The intensity of 
the photo-emitted electron depends on the depth of analysis and on the attenuation 
length, as stated by the Beer-Lambert equation
I = I„[l-e<-"«] (3.3)
where lo is the intensity obtained from an uniform and infinitive layer. Taking in 
aceount the emission angle, the Beer-Lambert equation can be written as
I = Io[l-e(-^ " '"")] (3.4)
As shown in Figure 3.2, increasing the take-off angle, the data acquired become 
very surface sensitive. Differentiating the information collected at the various angles, it 
is possible to determine the depth distribution of the elements of interest.
Data at different angles can be obtained in two different ways. In the conventional 
AR-XPS the sample is tilted, and data are acquired at each angle. In the alternative way, 
the sample is not tilted and data as function of the angle are obtained by assigning to the 
various channels of the detector a specific angle, with calculation algorithms within the 
software that reconstructs the data as a compositional depth profile [97].
e = 7 S ^  ^ = 0.81
0 = 55° 1.7A
0 = 0° d  = 3X
Figure 3.2 Dependence of the depth of analysis from the take-off angle [96].
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3.2.4 Experimental Parameters
The XPS analyses were performed using a modified VG Scientific ESCALAB 
M kll electron spectrometer (Figure 3.3) equipped with a Thermo Scientific Alpha 110 
electron energy analyser (at an angle of 53° from the normal) and a Thermo XR3 digital 
twin anode, whieh was operated using an A1 Ka radiation at 300W. Survey spectra (0- 
1350eV) were recorded using a pass energy of lOOeV and a step size of 0.4eV. High 
resolution spectra were recorded using a pass energy of 20eV for the elements of 
interest, and a step size of 0.2 eV. XPS is an area integrating technique with an area of 
some 6 mm diameter contributing to the analysis. The spectrometer was controlled by a 
Thermo Avantage datasystem v. 2.26 for spectral acquisition and subsequent data 
processing.
Figure 3.3 Picture of the VG Scientific ESCALAB M kll employed for XPS analyses.
The AR-XPS analyses were performed using a Thermo Scientific Theta Probe 
spectrometer (Figure 3.4). The instrument is equipped with a monochromatic A1 source, 
with an x-ray spot size down to 15 microns radius. Survey spectra (0-1350 eV), were 
acquired using a pass energy of 300eV and a step size of 0.4 eV. Angle resolved high 
resolution spectra were recorded for each observed element, using a pass energy of 150 
eV, and a step size of 0.2 eV for all the corelines. The C ls peak at 285 eV was taken as 
reference to correct for the electrostatic charging shift. Quantitative surface chemical 
analyses were calculated from the high resolution spectra following the removal of a 
non-linear (Shhiey) background employing the manufacturer’s Avantage software 
v.2.26, which incorporates the appropriate sensitivity faetors and a correction factor for 
analyser transmission function, was used.
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Figure 3.4 Picture of the Thermo Scientific Theta Probe spectrometer employed for AR-XPS analyses.
3.2.5 Information Obtained by XPS
XPS analysis has been employed for all the samples analysed in this work. The 
reason is that the technique allows the elemental surface composition of the sample 
analysed, with a margin of error of 5% for high intensity peaks, of 10% with peaks of 
low intensity [98].
All the analysis but the ARXPS ones have been conducted employing a twin 
anode, analysing a large area of the sample, ca. 6mm diameter. This choice has been 
taken mainly to maximise the signal intensity, and to average the results in a large area 
in order to obtain data that are representative of the whole sample.
Other information on the sample can be extracted analysing the shape of the 
survey spectrum, by the analysis of the baekground of inelastieally scattered electrons 
after a peak. A rising background indicates that the element generating the peak does 
not occupy the outermost layer of the surface, being covered by other elements [96]; a 
flat or decreasing background indicates that the element oecupies the outermost surface 
layer of the surface [96].
High resolution spectra, i.e. spectra acquired employing low values of pass 
energy, can be fitted to extract information on the chemistry of the systems. Peak fitting 
can be employed both for polymeric [99] and inorganic samples [39, 45]. In case of 
organic samples, the most important chemical information are usually extracted by the
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fitting of the C ls  peak, while in case of inorganic samples by the fitting of the main 
peak of each metal detected in the surface.
Particular attention has to be paid in the fitting of the C ls peak. In order to 
perform high quality peak-fitting, the proportion of the different kinds of carbon atoms 
present in the organic components, such as the carbon atoms in the resin, has been used 
to ensure full meaning of the data. The binding energy of each component has been 
monitored through the whole process; the binding energies established by Beamson and 
Briggs [100], were used as reference, as in previous work [4, 101].
3.3 Auger Electron Spectroscopy (AES)
3.3.1 Introduction
As XPS, AES is based on the measurement of the kinetic energy of low (<2000 
eV) secondary electrons, allowing the identification of the elements present on the 
surface. Even though several common points can be found between AES and XPS, 
some major differences can be pointed out between these two techniques.
Despite the limitations such as the need of conductive, or a semi-conductive, 
nature of the sample, and a more complex quantification procedure, there are major 
advantages, mainly the high spatial resolution, from the use of an electron beam instead 
of a x-ray beam, AES is widely employed in metallurgical and corrosion studies.
In this study AES analyses have been employed to evaluate the distribution and 
the chemical state of the various elements in specific regions of the samples analysed.
3.3.2 Basic Concepts
The photoemission of core electrons leaves the system in an unstable 
configuration since a low energy level is unoccupied. In order to return to a stable 
configuration, an internal transition that brings an electron from a higher energy level to 
the hole formed through the primary process takes place. As a consequence of this 
internal charge redistribution, the system gains energy that can be dissipated through
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two competitive processes, either by emitting X-ray or by promoting the ejeetion of an 
electron (Figure 3.5), that is identified as an Auger electron.
Ejected K Electron Ejected 3 Electron
Vacuum
V alen ce  B and / / /
Incident
Electron
Internal
Transition
e #
Figure 3.5 Mechanism of the KL2 3L2 3  Auger transition promoted by an x-ray [96].
As can be observed from formula 3.2 [96], the energy of an Auger electron is 
not given by a mere combination of the energy of the orbital levels involved in the 
transition. A more complex formula, which takes into aceount the variation in the 
electron configuration, is needed to deseribe the correct Auger electron energy.
Ej(z.^^L,/Z) = Ej^Z)-[E^^^(Z) + Ez,^^(Z-H)] (3.5)
Auger electrons can be generated with x-rays illumination, in fact Auger signals 
are observed in the XPS spectra, but an electron beam is usually employed in an AES 
spectrometer, since the electron bean can be focused more preeisely (ca. lOnm) than a 
x-ray beam, giving the great advantage of a smaller spot size.
Another difference with XPS analysis can be found in the operational mode of 
the analyser; two operation modes are available: constant analyser energy (CAE) and 
eonstant retard ratio (CRR). The CAE is usually seleeted for XPS analysis, and it 
implies the use of a constant pass energy, and thus constant energy resolution during the 
spectrum acquisition. The CRR is employed for AES analysis, and it implies the use of 
a constant retard ratio. Retard ratio and pass energy are inversely proportional, pass 
energy = kinetie energy / retard ratio. By keeping the retard ratio constant, the pass 
energy is increases during the analysis, allowing the detection of more intense signals at 
higher kinetic energy, improving in this way the signal to noise ratio, which increases 
with inereasing the kinetic energy. This mode of analysis effeetively suppresses the high 
electron yield at very low kinetic energies.
As for XPS, the depth of analysis is determined by the distance that an Auger 
electron can travel within the material before escaping without loosing energy; for this 
reason, the depth of analysis of the two techniques is quite similar.
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3.3.3 Experimental Parameters
AES analyses were performed on a Thermo Scientific MICROLAB 350 (Figure 
3.6), employing a field emission electron gun operated at 10 keV, and a spot size of 85 
nm. High resolution speetra were acquired using different retard ratios, in order to 
achieve the best compromise between intensity and energy resolution. A retard ratio of 
4 was used for the survey spectra, 25 was used for the aluminium KLL, and 15 for the 
zinc LMM. The seanning Auger microscopy (SAM) data were aequired in simultaneous 
mode, using the same conditions, with a field of view of 70 x 70 microns, and the same 
values of retard ratios used for the speetra acquisition.
Depth Profile analysis were performed using an Ar"^ , operated at 1 keV, with a 
sputter raster size of 500 x 500 microns, and a sputter time of 10 seconds per cycle; in 
the depth profile analysis the speetra were aequired using the same experimental 
conditions as described previously.
6.
Figure 3.6 Picture of the Thermo Scientific MICROLAB 350 employed for Auger analyses.
3.3.4 Information Obtained by AES
AES analyses were employed to study in high lateral resolution selected HDGS 
panels, working with an electron beam size of 85 nm. In this way it has been possible to 
study different regions of the sample, differentiating the surfaee chemistry of the area of 
interest.
All the analyses have been performed using retard ratio values that give the best 
compromise between signal intensity and energy resolution. With the experimental 
parameters stated in the previous section, it has been possible to distinguish different
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chemical states of the zinc, earning the possibility to achieve a more detailed knowledge 
of the HDGS surface chemistry. In this work, the surface composition has never been 
quantified by AES due to the difficulties related to the technique [96, 98].
SAM has been employed to study the distribution of zinc and aluminium, which 
are the elements of main interest in the HDGS surface [39, 40, 44-46]. In order to 
correct for topography effects in the results the signal used was not the peak signal but 
the (P-B)/(P+B) ratio, where P indicates the intensity of the peak considered while B the 
background intensity [102, 103]. The acquired maps have been studied through the use 
of scatter ratio plots and false eolour images [102]. Seatter ratio plots were employed to 
search for correlations between the various elements of interest [104]; a scatter ratio plot 
is built up by comparing pixel by pixel the signal (intensity) of the two different maps, 
reporting in x and y the intensity of the two signals compared. False colour images are 
obtained by selecting the different elusters observed in the scatter plots. As shown by 
Castle et al [104], the use of seatter ratio plots increases the degree of objectivity of the 
analysis by pointing out the correlations between the various elements. False colour 
images have been employed to study the relative distributions of zinc and aluminium 
since they offer the great advantage to minimise background and edge effects observed 
in the Auger maps, and also the problem associated with setting a threshold in Auger 
images based on P or indeed (P-B)/(P+B) intensities, which can lead to wrong 
interpretation of the elements distribution [102].
3A Time-oMlight secondary ion mass spectrometry (ToF- 
SIMS)
3.4.1 Introduction
SIMS is a surface analysis teehnique based on the detection of the ions ejected 
from a surface bombarded with an ion beam, in order to obtain information on the 
molecular status of the surface. With its depth of analysis of ~ 1 nm is the most surface 
specific technique that can be used [105, 106].
Most specimen types can be analysed with SIMS, so long as they are UHV 
compatible; a flat or smooth surface is desired for a good quality analysis.
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SIMS analyses, both spectroscopy and mapping, have been employed in the 
surface characterisation of HDGS, mainly to study the relative distribution of the 
various elements, and to study the interaction of HDGS with organic coatings.
3.4.2 Basic Concepts
The impact of a high energy ion with a surface can generate several processes. 
The ion can elastically collide with the atoms present in the surface and be 
backscattered. Part of the ion energy can be transferred to the surface and be used to 
promote ejection of electrons. The ion can implant, it can transfer energy to the system 
promoting vibrational or electronic transition to excited levels, or it can promote a 
charge transfer in the system, process known as collision cascade [105]. As shown in 
Figure 3.7, the collision cascade can propagate towards the sample surface promoting 
the ejection of particles [105]. 95% of these particles are neutral, while 5% are charged, 
either positive or negative polarity. These ejected ions, called secondary ions to 
distinguish them from the ions that bombard the surface (primary ions), are studied to 
obtain information on the surface chemistry.
Figure 3.7 Ejection of ions from the surface following the collision cascade [106].
Different ions can be used in the ion guns, both mono and polyatomic, with the 
use of cluster primary ion beam becoming more popular as a result of advantages such 
as high spatial resolution, in-depth molecular information and an increase in ion yield 
[107 - 109]. The use of a cluster primary ion beam reduces the propagation of the 
collision cascade, and increases the sputtering yield (SY), i.e. the numbers of particles 
sputtered emitted per collision, as shown in Figure 3.8 for the SFs^ cluster [108], a 
common pattern to the use of the other cluster ions, such as bismuth. The reason is that
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when a polyatomic ion beam is used, the original energy of the beam is divided between 
all the atoms forming the cluster of the polyatomic species. Instead of a unique ion with 
high energy, several atoms with lower energy hit the surface; as result, a bigger surface 
area is hit by a single beam, but the penetration depth of the primary ions is smaller. 
Comparing monoatomic ion guns, such as Cs'*', and Ga^, with polyatomic ion guns, 
such as Bi clusters, the first interact with smaller surface area, but they can penetrate 
further into the material than in case of polyatomic beams [111].
SF, AC
SY = 297 niolecules/ion SY= 8 moiecules/ion
Range = 4.4 nra Range =  123 nm
Figure 3.8 Comparison of the effects cluster and monatomic ion bombardment [108].
Three kinds of analysers can be used to study the emitted secondary ions: 
quadrupole, magnetic sector and time-of-flight (ToF) analysers. Magnetic sector and 
quadrupole analysers are usually employed for dynamic SIMS (mainly depth profile), 
while the ToF is employed for static SIMS (mainly spectrometry and ion-microprobe). 
The difference between dynamic and static SIMS is given by the number of ions that 
hits the surface per cm^. It has been established that using an ion dose up to 10^  ^ cm"  ^
sec"' (static limit) the damage to the surface is limited ensuring that the ions analysed 
originate from the original surface and not from a modified matrix [106].
Using a ToF analyser, the secondary ions are differentiated by the time of flight 
necessary for an ion to arrive at the detector after its ejection; the time of flight of an ion 
is directly related to its mass, the heavier the ion, the longer the time to arrive to the 
detector. In this way it is possible to detect all the ions ejected and not only ions with a 
well defined mass, as in case of quadrupole and magnetic sector, increasing the analysis 
transmission. A great advantage of the ToF Analyser over the other two is the 
possibility to detected all the ions produced at the same time, increasing the signal 
intensity without extending the time of analysis.
Two secondary ions of the same mass can have different kinetic energies
when ejected, so they can arrive at the detector at different times, causing a loss in the
signal resolution; in the ToF system this effect is coiTccted by employing a reflectron
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energy compensate stage, which is composed of spaced rings between which a potential 
is applied [110]. When the ions arrive between the rings they are reflected; since not all 
the ions arrive with the same kinetic energy, their path length within the reflectron is 
different, since ions with higher energies travel further than ions with lower kinetic 
energy. In this way the initial difference in kinetic energy is compensated, and the 
detection time of the secondary ions with the same mass arrive is more uniform [110].
An accurate quantitative analysis is not possible with SIMS analysis since several 
variables influence the number of secondary ions, whose observed intensity, for ions of 
mass m (I™s) is given by the formula [105]:
r s  = lpyma+‘‘'0mll (3.6)
where Ip is the flux of the primary ions, ym is the sputter yield, i.e. number of 
fragment with mass m ejected, the ionisation probability for a species of mass m, 
0m the concentration of the species at the surface, and q is the analyser transmission.
3.4.3 Experimental Parameters
ToF-SIMS spectra were acquired on a TOF.SIMS 5 system (lON-TOF GmbH., 
Münster, Germany) (Figure 3.9), using Big  ^ as a primary ion beam, operated in the high 
current bunched mode (it provides high spectra resolution, m/Am ~ 10,000 at 29 u and a 
spatial resolution of ca. 4.5 pm), over an area of 100 x 100 microns, at 64 x 64 pixels at 
25keV. The ToF-SIMS maps were acquired with the same conditions but with a field of 
view of 500 x 500 microns and a resolution of 128 x 128 pixels. All the analyses were 
performed within the SIMS static limit, i.e. ion dose < 10^  ^ions cm'^.
Figure 3.9 Picture of the TOF.SIMS 5 employed for ToF-SIMS analyses.
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3.4.4 Information Obtained by ToF-SIMS
ToF-SIMS analysis, both spectral and map acquisition have been performed in 
high current bunched mode (HCB), in order to obtain the best possible mass resolution, 
but at the expense of lateral resolution, a value o f ca. 4.5 pm being obtained.
Mass selected images could be also acquired in burst alignment mode and burst 
mode. Both operating modes offer the advantage to reduce the ion beam size, giving the 
possibility to achieve a better lateral resolution, but, especially in burst alignment mode, 
the mass resolution is drastically reduce. Ion maps have been acquired in the operation 
modes stated and compared for a reference sample, one of the HDGS panels described. 
Comparing the various maps, it has been noticed that the maps acquired in HCB mode 
have a quality that is quite close to the maps acquired in the other two modes, and, most 
importantly, no information is lost. For this reason, only the maps acquired in high mass 
resolution will be presented. Working in HCB mode offer also the advantage to have a 
more intense signal, allowing a faster data acquisition over larger area.
All the ion maps have been normalised by dividing the map by the total ion 
count map, in order to minimise the topographic effects. As for the SAM analysis, the 
distribution of various fragments as been compared employing scatter ratio plots.
3.5 Concluding Remarks
XPS, AES and ToF-SIMS have been widely employed in this work, firstly to 
elucidate the surface chemistry of HDGS, and then to understand how it interacts with 
orgapic materials. A very brief description of these techniques has been presented, in 
order to introduce them, and how they have been used. Books and review articles can be 
consulted for a more detailed description of theory behind and instrumentation, such as 
the ones used as reference for this brief introduction [95, 96, 105-107, 110].
Several differences have been pointed out amongst these three techniques, but 
they have in common a high surface specificity. An incorrect or careless sample 
preparation can lead to misleading information; for this reason a great attention has been 
paid to avoid the absence of contamination layers, i.e. to achieve high sample 
cleanliness, for all the specimens that will be discussed in the next chapters.
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XPS analyses have been mostly performed using a twin anode gun, to maximise 
the signal, over a quite large area in order to obtain data representative of the whole 
surface. AES analyses have been employed when the high lateral resolution was the 
first requirement. All the AES analyses were performed aiming at resolving the various 
chemical states of the elements of main interest. ToF-SIMS analyses were performed at 
high mass resolution, both spectra and maps acquisition, in order to have detailed 
information on the chemistry of the studied systems.
The data presented refer to single analysis, and not to the average of several ones. 
In case of XPS and AES, usually the various samples were analysed just once. This 
choice has been taken thanks to the reliability of the techniques, which ensure a great 
reproducibility, which has been verified analysing few samples several times, obtaining 
differences in the results within the error scale of the techniques. ToF-SIMS analyses 
were run four times for each samples; for each samples, the various acquisition were 
compared, in order to chose the best one in terms of signal to noise ratio.
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HDGS Surface Chemistry 
Investigation by XPS
4.1 Introduction
As described in Chapter 2 in the production of HDGS there is a number of 
variables that can influence the final product quality, HDGS panels produced by 
different manufacturers may exhibit different properties and different surface 
chemistries. XPS has been widely used to characterise the HDGS surface chemistry, 
even though a complete understanding has not been reached.
The aim of this chapter is to show the great variability and complexity o f HDGS 
surface chemistry. In order to achieve this, HDGS samples produced by a number of 
different manufacturers have been investigated employing XPS. Most of the attention 
has been focused on zinc and aluminium, the elements that characterise most HDGS 
surfaces.
4.2 Expérimentai
The surfaces of seventeen HDGS panels, from a variety of European 
manufacturers, were analysed by XPS. The HDGS panels described in this chapter 
were chosen from a range of panels, obtained by Becker Industrial Coatings [2] from 
European HDGS manufacturers. The screening of all available panels within Beckers
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led to the selection of the panels presented in this chapter, which are representative of 
all the various panels analysed. As part of the agreement to supply panels for this study, 
it is not possible to name individual manufaeturers or provide details of process 
parameters sueh as bath composition, temperature or dwell time, but all were skin- 
passed prior to final coating. Specimens for analysis were produced by punching a small 
disc of 1 cm diameter from the panels which were analysed in the as received conditions. 
The HDGS samples were produeed by five different manufaeturers on an unspecified 
number of different production lines. All the HDGS samples analysed were skin-passed, 
and did not undergo further treatment (such as alkaline cleaning or passivation). The 
samples will be identified as HDGSOl to 17.
The XPS analyses were performed using a modified VG Scientific ESCALAB 
Mkll, operated as described in Chapter 3. To test the adhesion properties, a model UV- 
cured coating, based on an experimental epoxy-aerylate resin, was applied on all the 
HDGS, and then a simple peel-off test was performed.
4.3 Results
A  survey spectrum (in Figure 4.1 the survey spectra of HDGS05, 06 and 15 are 
shown) was acquired for each sample, in order to identify the various elements present 
at the surface, and high resolution spectra were acquired for each element detected in 
order to obtain data on the chemical environment; a quantitative surface chemical 
analysis was calculated using the peak areas of the high resolution spectra corrected for 
photo-electron cross section and analyser transmission using the manufacturer’s 
software [112] (Table 4.1). Looking at the three survey spectra proposed in Figure 4.1 
it can observed how the spectrum relative to the HDGS 15 presents several differences 
with the other two in terms of peak intensities (carbon peak more intense and metal 
peaks less intense) and spectrum background, background that is rising after each 
aluminium and zinc peaks, indicating that these metals are covered by a quite thick 
organic layer.
The thickness of the adventitious hydrocarbon layer (Table 4.1) was calculated 
from the surface concentration of carbon using the equation proposed by Smith [113], 
which provides an equivalent thickness value assuming an uniform thickness over the
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area of analysis (approximately 30 mm^). A wide variation in surface composition was 
found, but only the elements carbon, oxygen, zinc and aluminium were present on all 
the samples. The carbon layer thickness of the HDGS 15 (4.6 nm) is much higher than 
the thickness of HDGS05 and 06 (respectively 0.6 and 0.8 nm) as expected by the shape 
of the survey spectra shown in Figure 4.1.
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Figure 4.1 Survey spectra of: a) HDGS05, b) HDGS06 and c) HDGS15.
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Aluminium and zinc are the elements most characteristic of the HDGS surface. 
The analyses show that the aluminium concentration is higher than that of zinc in most 
of the samples; the zinc concentration is highest in HDGS 04, 07, 08 and 13. The high 
concentration of aluminium is a result of the well documented migration of the 
aluminium to the HDGS surface [39, 40,44].
Table 4.1 Elemental surface composition of the seventeen HDGS (at.%). Carbon, oxygen, zinc and 
aluminium were observed for all the seventeen panels. Other elements were observed as well, in smaller 
quantities and not in all the analysed HDGS. A  great variation was also found on the thickness of the 
carbon layer (nm). The corrected valued of zinc and aluminium surface concentrations [113] are also 
given
Sample
Surface composition (at.%)
Carbon Layer 
Thickness (nm)
Corrected Surface 
composition (at.%) Corrected
[AlMZn]C o Zn A1 OtherElements Zn A1
HDGSOl 20.3 55.7 9.0 13.8 Ca = 0.2; N =1.0 0.6 12.95 16.13 1.25
HDGS02 28.9 50.7 7.6 12.0 Ca = 0.5; Mg = 0.3 0.8 12.34 14.77 1.20
HDGS03 76.6 16.3 2.1 4.3 Ca = 0.7 3.6 18.61 10.95 0.59
HDGS04 30.0 47.4 12.6 10.0 None 0.9 21.74 12.63 0.589
HDGS05 23.0 57.1 3.0 16.9 None 0.6 4.32 19.75 4.58
HDGS06 27.7 48.7 9.4 14.2 None 0.8 15.26 17.48 1.15
HDGS07 53.3 34.1 6.2 5.4 Ca = 0.9 1.9 19.61 8.85 0.45
HDGS08 52.4 31.5 7.1 7.0 K = 2 .0 1.8 21.14 11.17 0.53
HDGS09 29.9 47.7 3.9 15.6 Ca = 0.6; K = 1.4; Mg = 0.9 0.9 6.73 19.71 2.93
HDGSIO 74.6 18.4 1.4 . 3.0 Ca = 2.2; S = 0.4 3.4 10.99 7.26 0.66
H D G Sll 67.9 23.5 0.7 1.9 Ca = 3.8; Na = 1.1;S = 1.1 2.8 3.82 3.93 1.03
HDGS12 75.9 17.2 1.0 1.3 Ca = 2.2; Si = 2.5 3.5 8.34 3.23 0.39
HDGS13 80.9 14.8 0.9 0.5 Ca = 2.6; S = 0.3 4.1 10.80 1.45 0.13
HDGS14 78.6 16.7 0.4 0.9 Ca = 3.0;S = 0.4; Si = 0.3 3.8 4.00 2.41 0.60
HDGS15 84.6 12.0 0.4 0.7 Ca = 2.2 4.6 6.50 2.31 0.36
HDGS16 73.6 19.8 0.9 1.9 Ca = 3.6; S = 0.2 3.3 6.65 4.48 0.67
HDGS17 72.3 20.7 1.1 2.3 Ca = 3.2; S = 0.4 3.2 7.65 5.28 0.69
Zinc and . aluminium XPS peaks were peak fitted to extract more information 
about the chemical state of these two elements; the A12p, Zn2p3/2, and Zn3p peaks 
were fitted. For all curve fits, two components were used, one for the element in the 
oxide form, the other for the element in the metallic state.
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The initial fit was conducted using as a starting value an unconstrained lull 
width at half maximum (FWHM) and the positions o f the two components reported in 
the literature [44, 45, 114]. A peak shape mix of Gaussian (70%) and Lorentzian (30%) 
was used for all components. No restrictions were imposed on the component energies, 
however the FWHM was constrained within weU defined intervals, given in Table 4.2. 
The results of these peak fits are reported in Table 4.2, in terms of energies of the 
components used and their relative ratio. The position of aU the components was 
verified [44, 45, 114, 115] to guarantee meaningful peak-fits.
Most the A12p spectra (Figure 4.2) required the use of two components (oxide 
and metal); HDGS 13 and 14 being the only ones where this peak was fitted only with 
the use of the oxide peak, indicating a thick surface oxide (>8 nm). The contribution of 
the oxide component was always higher than the contribution of the metallic, when 
present, as indicated in Figure 4.2 for HDGS03 and HDGS 12.
The Zn2p3/2 peaks (Figure 4.3) and the Zn3p (Figure 4.4) were always fitted 
using two components. The intensity of the metallic component was found to be 
extremely low in the Zn2p3/2 fits, while in the Zn3p fits the intensity of the two 
components was similar, with the metallic component more intense than the oxide. The 
Zn3p peaks were not recorded as high resolution spectra but extracted from the survey 
spectra (which were acquired following the St. Malo protocol [116] and so provided 
adequate spectral resolution for chemical state analysis): for this reason, a higher 
FWHM was necessary for the fits. Zn2p3/2 and Zn3p were both peak fitted because of 
the different depth of analysis of these two peaks, as discussed in the next section.
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Figure 4.2 A12p high resolution spectra of HDGS03 (left) and HDGS 12 (right).
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Figure 4.3 Zn2p3/2 high resolution spectra of HDGS04 (left) and HDGS09 (right). The oxide component 
contribution is always more intense than the metallic one.
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Figure 4.4 ZnSp spectra of HDGSIO (left) and HDGS 14 (right). The oxide and the metal component 
contributions are very similar, indicating a mixture of zinc oxide and metal zinc on the HDGS surfaces.
Further confirmation on the chemical state of the zinc was extracted from the 
Auger peaks present in the XPS spectra, which also provides a benchmark for the 
electron induced AES spectra to be presented in the next chapter. A series of zinc 
Auger peaks can be identified in a XPS survey spectrum, but attention was focused only 
on the main transition, the L 3 M 4 5 M 4 5  (Figure 4.5). The Zn L 3 M 4 5 M 4 5  peaks show the 
presence of two components. Table 4.3, one attributed to oxide zinc, at around 987eV, 
and the other assigned to metallic zinc, at around 992eV [117]. In the case of samples 
HDGS 12, 13 and 14 the peaks did not exhibit the metal component. The A1
K L 2 3 L 2 3  peaks, generated after the excitation of A lls electron by the Bremsstrahlung 
generated by the x-ray gun [96], were not studied because of their low intensity.
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Table 4.2 Peak-fitting results for A12p, Zn2p3/2 and Zn3p. Relative contribution { % )  of the components
A12p Zn2p3/2 Zn3p
Samples Metal Oxide Metal Oxide Metal Oxide
(FWHM: 
0.70-1. lOeV)
(FWHM:
1.60-2.20eV)
(FWHM:
1.36-1.42eV)
(FWHM:
2.20-2.26eV)
(FWHM:
3.94-4.04eV)
(FWHM:
4.15-4.25eV)
HDGSOl 2.9 97.1 2.9 91.\ 56.8
43.2
71.9 74.3 1020.0 1022.4 83.7 90.8
HDGS02 2.9 97.1 83 91.7 61.3 38372.6 74.7 1020.8 7022.3 88.2 90.9
HDGS03 8.3 91.7 12.3 87.7 55.6
44.4
72.5 74.6 1020.6 7022.2 87.7 90.5
HDGS04 4.8 95.2 2.9 97.1 59.2 40.872.4 74.4 . 1020.2 7022.2 91.2
HDGS05 2.9 97.1 13.8 863 60.6 39.472.1 74.5 1020.4 1022.1 87.6 90.3
HDGS06 4.8 95.2 5.7 94.3 57.8 42.272.1 74.4 1020.1 1022.1 88.0 90.8
HDGS07 4.8 95.2 7.4 92.6 57.8 42.2724 74.6 1020.7 1022.3 87.9 90.6
HDGS08 7.4 92.6 18.7 81.3 53.5 46.572.3 74.3 1020.4 1022.1 87.6 90.5
HDGS09 10.7 893 8.3 91.7 55.9
44.1
71.9 74.4 1020.3 7022.3 87.4 90.3
HDGSIO 3.8 96.2 4.8 95.2 51.8
48.2
71.8 1020.1 1022.3 87.6 90.3
HDGSll 3.8 96.2 22.5 77.5 56.2 43.872.3 74.5 1020.5 1022.1 87.4 90.0
HDGS12 6.5 93.5 6.5 93.5 57.8 42.273.0 74.7 1020.9 1022.1 88.5 91.4
HDGS13 - 10074.9
5.7
1020.3
94.3
1022.1
583
88.7
41.2
91.4
HDGS14 - 10074.7
5.7
1019.8
943
1021.9
533
88.1
46.2
90.5
HDGS15 9.9 90.1 4.8 95.2 54.1 45.972.9 74.6 1020.2 1022.1 88.5 91.1
HDGS16 8.3 91.7 4.8 95.2 51.8
48.2
73.2 74.6 1020.3 1021.8 88.0 90.7
HDGS17 10.7 893 4.8 95.2 59.2 40.8725 74.6 1019.8 1022.1 88.5 91.2
no metallic component present
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Figure 4.5 Zn L 3 M 4 5 M 4 5  high resolution spectra of HDGSOl (left) and HDGS07 (right).
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Table 4.3 Kinetic energy of the metal and oxide components of the Zn L 3 M 4 5 M 4 5  peaks (eV)
Samples Oxide Metal
HDGSOl 986.8 993.1
HDGS02 987.0 992.4
HDGS03 987.4 993.0
HDGS04 987.0 992.9
HDGS05 9873 993.2
HDGS06 987.0 993.1
HDGS07 986.9 992.7
HDGS08 987.0 993.2
HDGS09 986.7 993.2
HDGSIO 987.0 99Z9
H DG Sll WW3 993.1
HDGS12 987.4 -
HDGS13 987.0 -
HDGS14 987.1 -
HDGS15 987.0 992.2
HDGS16 987.5 992.2
HDGS17 986.7 992.0
no metallic component present
All the HDGS samples were coated with a model UV-cured coating, based on a 
mixture of a low viscosity polyester acrylate, isobornyl acrylate and an experimental 
acrylate resin. A simple peel test was performed to estabhsh the adhesion between the 
HDGS and the coating. The panel was exposed to water vapour for ten minutes, bolding 
it above a beaker filled with boiling water. After the exposure to water vapour, a piece 
o f acrylic tape was applied and then removed to peel off the coating. The adhesion 
between the coating and the substrate was not good, i.e. the removal of the coating was 
possible, for HDGSOl 04 and 12. The adhesion was good, i.e. no coating was removed, 
for the other samples. The complete study of HDGS/coating interfaces produced with 
the various peel tests will be presented in Chapter 8 , but the test results are included 
here to facilitate the discussion of HDGS surface chemistry with respect to adhesion.
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4 .4  Discussion
The XPS analyses of the seventeen HDGS showed several differences between 
the various samples, and also features in common for all the samples. The surface 
elemental composition. Table 4.1, varies from sample to sample. Carbon, oxygen, zinc 
and aluminium are the only elements detected on all the samples. For this reason, the 
attention has been focused mostly on those to understand the chemical status of the 
HDGS.
Calcium, sodium, sulphur, nitrogen and potassium are likely to be lubricant 
and/or salt contaminations. The presence of magnesium, observed for HDGS02 and 
HDGS09 in small amounts, 0.3 at.% and 0.9 at.% respectively, is possibly a result of the 
inclusion of magnesium as minor component in aluminium alloys used in the zinc bath 
[39]. Silicon, observed for HDGS 12 and 14, is added in the zinc bath to increase the 
thickness of the zinc coating and to inhibit the iron dissolution during the coating 
process [22, 29]. Aluminium and zinc are the most characteristic elements on the 
HDGS surface. The analyses show that the aluminium concentration is higher than that 
of zinc in most of the samples; the zinc concentration is higher than that of aluminium 
for HDGS04, 07, 08 and 13. No correlation between [Al]/[Zn] values and the adhesion 
properties can be observed, indicating that this parameter cannot be used to predict the 
adhesion properties of a HDGS panel that was skin-passed.
The carbon concentration is usually taken as a reference to check the cleanliness 
level of a metal sample that has been exposed to the ambient atmosphere or treated with 
a number of processing steps. When this value is less than 30% (hydrocarbon layer < 1 
nm in thickness) it can be assumed that the surface is very clean for one that has been 
exposed to atmosphere during or following a technological process. Six samples, 
HDGSOl, 02, 04, 05, 06 and 09 show a level o f carbon of 30% of less. For HDGS07 
and 08 this value was around 50%, indicating contaminated surfaces or those which 
have been treated with an organic reagent. HDGS07 and 08, exhibited good adhesion, 
even though the hydrocarbon layer is ca. 2 nm in thickness. This indicates that the 
presence of a contamination layer at this level does not necessarily influence the 
adhesion between the coating and the HDGS, and it is presumably absorbed into the 
coating on application.
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HDGS03 & 10 to 17 present a very high carbon concentration (>65%), which is 
predominantly hydrocarbon with very little fimctionalised carbon present in the C ls 
spectra. It is unlikely that such high level of carbon is a result of simple atmospheric 
contamination; a degreasing, or more likely an oihng treatment has probably been 
apphed to these samples as part of the HDGS production process. Almost aU the 
samples with a high carbon level gave good results in the adhesion test. The only 
exception was HDGS 12. Careful examination of the elemental composition of this 
sample indicates a silicon concentration of 2.5% in the surface analysis. Silicon was 
also detected on HDGS 14, but at a very low level, 0.3%. A high concentration probably 
is indicative of a sihcone (e.g. polydimethyl siloxane) rich layer on the surface which 
could give rise to poor adhesion between the surface and the coating, is confirmed by a 
Si2p binding energy of 102.4 eV [115]. This would account for the poor adhesion 
observed for this sample. When the carbon concentration is more than 60%, the 
aluminium and zinc signals are very weak; a thick hydrocarbon layer covers the two 
metals [118, 119], confirmed by the backgrounds generated by unelastically scattered 
electrons in the survey spectra of these specimens. Analysing the results of the peak- 
fitting for aluminium and zinc, it can be noticed that the chemistry of these two 
elements is not influenced by the carbon layer. The peaks were fitted using the same 
component used for the other samples; both the recorded energies and relative ratios of 
the fitting components are consistent with the other sample fittings.
The values calculated for the carbon layer thicknesses (Table 4.1) provides a 
ready means of estimating the thickness of these hydrocarbon layers. A  thickness of 
<lnm  was calculated for the samples that were indicated as “clean”, while a thickness 
of ca. 2 nm was calculated for the samples indicated as “dirty”. Thicknesses of up to 4.6 
nm were calculated for samples with a carbon level higher than 65%, showing that this 
layer does not simply originate from atmospheric contamination, but probably result 
from an oiling process at the end of the production line.
Further information on the elemental distributions can be extracted from the 
survey spectra, by inspection of the background of unelastically scattered electrons after 
the peak [118, 119]. A rising background after a peak indicates that the element 
generating the peaks is not at the outermost layer of the surface. Analysing the survey 
spectra (Figure 4.1) it is possible to notice a rising background at around 650eV, after 
two small zinc Auger peaks, indicating that the zinc is not in the outermost layer of the
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surface. The background following the Zn2p doublet, 1022 and 1040eV, has a 
completely different shape; it is always flat or decreasing. Because of the different 
kinetic energies, the two core XPS signals, Zn2p and Zn3p, hring information from 
different depths; the higher the kinetic energy, the higher the depth of detection. The 
depth of analysis is determined by the attenuation length (1 ) of the electrons, which is 
directly related to their kinetic energy, respectively 0.7 nm for the Zn2p3/2 and 1.8 nm 
for the Zn3p [96, 120]. The Zn2p doublet, of low kinetic energy, is characteristic of the 
outermost surface, the Zn3p peak of deeper layers. Two components, one for the oxide 
form and one for the metal form, were used to fit the Zn2p3/2 and of the Zn3p peaks 
(Table 4.2 and Figures 4.3 and 4.4). In the case of Zn2p3/2, the oxide component 
contribution is much more intense than the metallic component, indicating that the 
Zn2p3/2 peaks are mainly associated with the outermost zinc oxide layer. In the case of 
Zn3p, the contribution of the two components is very similar, with the metallic 
component more intense than the oxide one; this indicates the presence of a deeper 
metallic zinc layer where the Zn3p signals are originated.
The zinc Auger signal L 3 M 4 5 M 4 5  was also recorded (Figure 4.5 and Table 4.3). 
An oxide component was always observed, whilst the metal peak, at around 992eV was 
not observed for HDGS 12, 13, 14, samples in which the zinc level was very low, at 
around 1 at.%. The oxide peak is more intense than the metal peak for most of the 
samples. The kinetic energy of these Auger electrons is closer to the Zn3p electrons 
energy than to the Zn2p3/2, this explains why the Auger results are in a better 
agreement with the Zn3p results.
The XPS results show a significant presence of aluminium on the HDGS surface. 
The fitting of the A12p peaks shows that the aluminium is present in the oxide form, 
with a small fraction of aluminium present in the metallic form (Figure 4.2 and Table 
4.2). The strong presence of aluminium at the HDGS surface is due to the aluminium 
surface segregation. The driving force that leads to the aluminium segregation is the low 
solubility of the aluminium in zinc in the solid state. The reason for this low solubility is 
the different crystal structure of aluminium compared with zinc; the aluminium is face 
centred whereas the zinc is hexagonal close packed [39]. As the zinc sohdifies, the 
aluminium migrates via the grain boundaries to the surface.
Studying a set of HDGS samples, Feliu and Barranco [44] observed a 
relationship between the aluminium amount and the zinc chemical state; referring to the
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Zn2p3/2 peak-fitting results, in particular the ratio between oxide and metal component 
used for the fitting, they noticed that the metallic zinc component was more intense 
when the aluminium amount was small. A low amount of aluminium indicates a thinner 
aluminium oxide layer, which gave the opportunity to observe more metallic zinc 
underneath. The intensity of the aluminium and the metallic component of the zinc used 
in the Zn2p3/2 fitting have been compared, however this correlation has not been found 
for the set of samples analysed in this work. In order to verify the correlation suggested, 
the zinc metal component of Zn2p3/2 peaks (Table 4.2) have been plotted against the 
aluminium surface concentrations (Table 4.1); as shown in Figure 4.6 no correlation 
between these two values can be observed. This suggests that the oxide layer is not 
composed of aluminium alone.
10.00 12.00 14.00 16.00 18.00 20.00
Zn 2 p3 /2  m e ta l c o m p o n e n t  re la tiv e  c o n tr ib u tio n  (%)
Figure 4.6 Zn2p3/2 metal component relative contribution (%) versus aluminium surface concentration 
(at.%).
When the HDGS leaves the zinc bath, an aluminium oxide layer, whose 
thickness depends on the process parameters used, is formed on the zinc coating surface 
because of the aluminium segregation and the aluminium oxidation potential being 
more negative than that of the zinc leads to the oxidation of aluminium. At the end of 
the galvanising line, part of this aluminium oxide layer is mechanically stripped off 
during the skin pass process. While part of the aluminium oxide is removed, some zinc 
is brought to the outermost layer and exposed to oxygen, with the formation of zinc 
oxide. If we consider this process in the light of the XPS spectra it is clear that the 
original HDGS surface, which presumably has a continuous aluminium oxide layer of 
some 2 - 5  nm thickness (depending on temperature of formation) in place, suffers 
mechanical attrition during the skin pass process. The fate of the fragmented AI2O3
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oxide is not clear but one assumes that some may escape into the environment (and 
darkening of the skin-pass rolls is anecdotally reported) but the XPS data shows that 
some remains in place on the HDGS whilst it is likely that some fragments are pushed 
into the much softer zinc layer. This leads to a picture of the HDGS surface after skin 
pass in which there are areas of intact AI2O3 and regions where the (now oxidised) 
metallic zinc is exposed, which is intimately mixed with oxide fragments.
The proposed model can explain in general terms the HDGS surface structure, 
but each HDGS sample has to analysed carefully, because of the great variability within 
these systems, as shown by the surface compositions of the analysed samples (Table
4.1). The use of XPS on its own cannot give a complete picture of HDGS surface 
chemistry, especially regarding relative distribution of the various elements on the 
surface and their chemical homogeneity on the surface.
It is clear, however, that XPS does not provide a plausible explanation for the 
behaviour of two of the samples with low contamination which also, fortuitously, 
provide candidate examples of good and poor adhesion, samples HDGS02 and 01 
respectively. Both have low levels of carbon contamination indicating that no post 
treatment oiling or similar process has been carried out and have similar Al/Zn ratios 
(ca. 1.5), similar metal/oxide ratios of A12p, Zn3p and Zn2p3/2 and also similar X-ray 
excited ZnLMM  spectra. It must be recalled that XPS is a large area analysis technique, 
and using the instrumental settings employed in this work some 30 mm^ contributes to 
the spectroscopic analysis. It is therefore instructive to consider the spatially resolved 
surface analysis information provided by AES and ToF-SIMS, which will he presented 
in the next chapter.
The adhesion test performed has been designed with the aim of comparing, in a 
qualitative manner, the adhesion properties of the various substrates analysed. Even 
though it is not possible to extrapolate any number from the test performed, the use of 
the same organic coating, the appUcation of the coating at the same condition, and a 
careful execution make the adhesion test a trustworthy way to compare the different 
substrates. Another big advantage given by this test is the production of interfaces 
suitable to be analysed, whose study is reported in Chapter 8.
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4 .5  Conclusions
Seventeen HDGS panels, produced by different manufacturers, have been 
analysed. A great variety o f surface compositions has been found, however common 
features for all the samples have been established.
The study confirms that the XPS is a powerful technique to characterise the 
HDGS surface. Combining the data contained within the survey spectra with the 
information given by the peak fitting of aluminium and zinc, a model to describe the 
HDGS surface structure, in terms of aluminium and zinc distributions, has been 
proposed.
The aluminium is present in the HDGS surface almost completely as oxide, with 
a higher concentration than expected. The zinc distribution is more complex. The 
acquired data suggest the presence of two different layers: one in the outermost surface, 
with the zinc in the oxide form, and one underneath the aluminium oxide, with the zinc 
present in the metallic form. This does not, however, allow one to differentiate between 
samples exhibiting good and poor adhesion.
It has heen noticed that a thick carbon layer was present on the surface of some 
of the samples, samples that exhibited a carbon surface concentration higher than 60%. 
The presence of this organic layer does not seem to degrade the adhesion properties of 
the HDGS.
The XPS analysis is an area integrating technique and is not able to resolve the 
spatial distribution of zinc and aluminium. In the next chapter, surface analysis 
techniques with higher spatial resolution such as AES and ToF-SIMS will be employed, 
with the aim to refine the proposed model of HDGS surface chemistry, differentiating 
between panels showing different adhesion behaviours.
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The Surface Chemistry of 
HDGS at High Spatiai 
Resoiution
5. t  Introduction
In the previous chapter several HDGS samples, produced by different 
manufacturers on different production lines, were investigated by XPS. Using the 
information obtained, a general model of the HDGS surface was proposed. However by 
employing XPS alone, it has not been possible to understand and describe differences 
which are responsible of the different adhesion behaviour shown by the samples, i.e. 
what is the characteristics responsible for good and poor adhesion.
Samples HDGSOl and 02 were selected for AES and ToF-SIMS analysis, as in 
addition to providing examples of substrates which provide poor and good adhesion 
respectively, they also have very little adventitious hydrocarbon (<1 nm), in order to 
understand the chemical differences between them. The use of AES and ToF-SIMS is 
not as common as the use of XPS, and there are few research works where these 
techniques were employed to study HDGS have been found in the literature. It will be 
shown how their use allows one to obtain information on the surface chemistry of 
HDGS surface, and relative distribution of the most characteristic elements, aluminium 
and zinc, both in depth and at high spatial resolution.
The results of the two HDGS panels will be presented and discussed in different 
sections, comparing the two HDGS analysed at the end. All the surface analysis 
techniques were performed as described in Chapter 3.
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5.2 HDGS01: Poor Adhesion
5.2.1 Introduction
The surface chemistry of HDGSOl, a panel showing poor adhesion, was fully 
characterised employing several surface analysis techniques. After recalling briefly the 
results obtained by XPS, results shown in the previous chapter, AES, SAM, ToF-SIMS 
and AR-XPS data will be shown, and then discussed, in order to present a model of 
HDGSOl surface chemistry.
5.2.2 Results
The survey spectrum of the HDGSOl (Figure 5.1) shows the presence of six 
elements on the surface; by acquiring high resolution peaks for each element detected, 
the following surface elemental composition was obtained; carbon 20.3 at.%, oxygen
55.7 at.%, zinc 9.0 at.% , aluminium 13.8 at.%, calcium 0.2 at.% and nitrogen 1.0 at.%.
Zn2p3/2
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Figure 5.1 XPS survey spectrum of HDGSOl.
The acquisition of a secondary electron (SEM) image in the Auger microscope 
was the first step for further analysis, as shown in Figure 5.2. A clear distinction 
between depressed and raised regions can be noticed. Two different regions, one flat 
and one raised, respectively Area 1 and Area 2 (Figure 5.2), were selected and analysed.
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2Figure 5.2 The SEM image of HDGSOl (a) shows two different regions, FOV 600 x 600 gm . The AES 
analysis of Area 1, survey (b), aluminium (c) and zinc (d) spectra, and Ar ea 2, survey (e), aluminium (f) 
and zinc (g) spectra, revealed different surface chemistries, in terms of zinc chemical state.
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In order to avoid uncertainty in the interpretation of the SEM images, and to 
understand the surface topography correctly, various SEM images were acquired at 
different tilt angles. At different angles the depressed regions, such as Area 1 in Figure 
5.2, showed a different illumination, while the raised regions did not show any 
difference, such as Area 2 in Figure 5.2. The different illumination in the depressed 
regions is due to the presence of the raised regions, which act as a barrier for the 
electrons generated in the depressed regions. The areas of shadow in the depressed 
regions are therefore due to the partial attenuation given to their signal by the near 
raised regions. Since the detector was on the right hand side, relative to the images 
shown, the shadow is always on the right part of the depressed regions. For this reason, 
rotating the sample, the signal given by the depressed regions changes while the signal 
given by the raised regions remains the same.
Comparing the survey and the high resolution spectra of zinc and aluminium 
(Figure 5.2) acquired in these two regions, several differences can be noticed. In the 
survey spectra, the zinc signal is better defined for the depressed region, than for Area 2, 
a raised region. Looking at the high resolution spectra of the zinc, several components 
could be distinguished. For Area 1, the main components of the zinc spectra were two 
intense peaks at 992.5eV and 987.0eV, both the L 3 M 4 5 M 4 5  transition, and from their 
energy it is possible to assign the peak at 992.5eV to metallic zinc and the one at 
987.0eV to zinc oxide [117]. The other peaks in the zinc spectra are other Auger 
electron transitions; the L 3 M 2 3 M 4 5  with a doublet at 904. leV  and 913.3eV, the L 2 M 2 3 M 4 5  
at 927.0eV and the L 2 M 4 5 M 4 5  with a doublet at 1010.7 and 1015. leV. In Area 2, a raised 
region, the zinc spectrum only exhibits the peaks due to the metallic state, indicating 
that there is a terminal oxide layer not incorporating ZnO, but solely AI2O3 .
Aluminium signals appeared to be the same in the two survey spectra (Figure
5.2); this observation was confirmed by the high resolution spectra, in which the same 
intensity and peak position was observed in the two regions. In both regions, the main 
peak was at 1386eV, assigned to aluminium oxide, KL23L23 (^D) transition. The other 
peaks that can be observed in the aluminium spectra are due to K L 2 3 L 2 3  (^S) transition at 
1380 eV, KL1L23 (^P) transition at 1350 eV, and KL1L23 (^P) transition at 1333 eV. All 
these transitions are assigned to aluminium oxide [121].
Auger maps were also acquired for aluminium and zinc. A scatter ratio plot 
technique was employed to analyse these maps. The scatter plot (Figure 5.3b) shows a
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very intense part characterised by increasing aluminium concentration corresponding to 
a constant zinc value, and a small tail to the upper left, in which the zinc concentration 
increases while the aluminium decreases slightly. These two areas of the plot are 
marked with two different boxes. Starting from these selections, an image was 
reconstructed. The reconstructed image (Figure 5.3c) highlights the presence of two 
distinct areas, and it accurately reproduces the physical features of the selected area 
from where the maps were recorded, i.e. those highlighted in Figure 5.2a.
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Figure 5.3 The SEM image of HDGSOl (a) shows two different regions. FOV 70 x 70 The AES 
analysis of these two regions, with relative scatter plot (b), revealed different surface chemistries, in terms 
of zinc chemical state (c).
ToF-SIMS spectra were acquired in the positive mode, within the range of 0- 
800u, in preparation of image acquisition. The various fragments present in the ToF- 
SIMS spectra can be observed within the 0-150 u range (Figure 5.4), i.e. fragments due 
to adventitious contamination, as well as zinc and aluminium.
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Figure 5.4 Positive ToF-SIMS spectrum of HDGSOl, in the region of 0-150 u.
All ToF-SIMS images were normalised by dividing the specific ion selected 
image with the total ion signal (Figure 5.5), in order to avoid topographic effects.
Figure 5.5 ToF-SlMS analysis of HDGSOl. AT image (a) and Zn  ^image (b) were acquired over an area 
of 500 X 500 microns. The two images were normalised by dividing for the total ion count. On the right- 
hand side of the picture the overlap of A f  image, red, and Zn"^  image, green (c).
As for the Auger microscopy, scatter ratio plots and relative reconstructed 
images were largely used to study the distributions of the selected ions in the ToF-SIMS 
analysis (Figure 5.6). The presence of two well defined different regions could be 
noticed both from the study of relative distribution of AF and Zn^ and of Zn^ and 
ZnOH^, with the latter selected as characteristic fragment of zinc oxide.
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WA1+ intensity
Zn+ intensity
Figure 5.6 ToF-SIMS analysis of HDGSOl. On the top row scatter ratio plot (a) and relative distributions 
(b) of A r  (red) and Zn  ^ (green). On the bottom row, scatter ratio plot (c) and relative distributions (d) of 
Zn  ^ (red) and ZnOH^(green). A very good agreement between the two reconstructed images (b and d). 
The reconstructed images represent an area of 500 x 500 pnn\
High resolution ToF-SIMS spectra were reconstructed from the two different 
regions of HDGSOl surface. The spectra of the two regions differ more in intensity of 
the peaks more than in the peak nature and aspect. As shown in Figure 5.7, the AF 
peak is very intense in both regions, slightly more intense in the red region, while Zn^ 
and especially ZnOH^ exhibit very different intensities in the two regions, a very low 
intensity in the red part, and a quite high intensity in the green part.
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Figure 5.7 High resolution ToF-SIMS spectra of zinc (b), zinc hydroxide (c) and aluminium (d) 
characteristic fragments reconstructed from the two different regions that typify the HDGS surface (a). 
The green part of the surface is characterised by a stronger presence of zinc than in the red part, with the 
red part that almost does not present any zinc oxide.
Aluminium and zinc distribution was also studied by employing AES depth 
profile (Figure 5.8) and AR-XPS (Figure 5.9).
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Figure 5.8 AES depth profiles of HDGSOl in two different regions, a depressed region, Area 1, and a 
raised region. Area 2. It can be noticed how the signal relative to zinc oxide is very low and goes rapidly 
to zero for the Area 1, while it was not observed in Area 2. FOV 240 x 210 pm^
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An Auger depth profile was acquired in the two regions that typify the surface of 
HDGSOl. The main difference between the two profiles was the signal assigned to zinc 
oxide. In the profile acquired for a depressed region, Area 1, the zinc oxide signal was 
extremely weak, and rapidly fell to zero. The zinc oxide signal was nearly zero in the 
profile acquired for a raised region. Area 2. The signal relative to aluminium decreased 
in both areas, but it reached zero only in the profile acquired for the raised region. The 
zinc metal signal, originated from the zinc coating substrate, was very low in both areas 
at the first stage of the depth analysis, while it arrived nearly to 100% after around 60 
second etching, indicating the complete etching of the oxide layer covering the HDGS 
surface.
AR-XPS was also employed. The signal relative to carbon could be associated to 
the organic contamination that usually covers a metallic surface [83]; this signal was 
very intense in the outermost surface, and it fell to zero very quickly, indicating a thin 
layer. The second peak was due to the signal assigned to zinc oxide, followed by the 
peak relative to aluminium oxide. This seems to indicate that the oxide on the HDGS 
surface is composed by two parts, with zinc oxide above aluminium oxide. The 
following average thicknesses for the three layers forming on the HDGS surface were 
calculated using the Thermo Avantage v. 2.26 software: carbon contamination 1.2 
nanometres (shghtly different from the thickness the Smith approach in the previous 
chapter), zinc oxide 0.8 nanometres, and aluminium oxide 2.7 nanometres.
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Figure 5.9 AR-XPS analysis of HDGSOl.
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5.2.3 Discussion
By employing AES and ToF-SIMS analyses, it has been shown that the surface 
is not uniform. The irregular topography observed for both HDGSOl and HDGS02 
results from the skin pass process, a step in the hot-dip galvanising process used to 
increase the contact area between HDGS and the coating [50]. The three layer model, 
thin zinc oxide over the aluminium oxide covering the metallic zinc, is confirmed by 
Auger and ToF-SIMS analyses. The AES data show that a thin zinc oxide layer hes on 
the aluminium oxide layer covering the metallic zinc coating. The AES shows that this 
zinc oxide layer is not homogeneous, with regions of the surface not covered regions 
that show zinc just in the metaUic form in the spectra. Comparing the AES survey 
spectra of the two analysed regions of HDGSOl (Figure 5.2) it is possible to notice how 
the zinc signal is slightly better defined for Area 1, a depressed region, than for Area 2, 
a raised region. Looking at the high resolution spectrum of the zinc signal, two 
components can be distinguished for the main peak of the Area 1 spectrum, whereas 
only one is seen in Area 2. This suggests that moving from a region to another the zinc 
varies not only in concentration but also in chemical state; the zinc is present both as 
oxide and metal in the depressed region, only as a metal, presumably underneath the 
aluminium oxide, in the raised region.
Regarding the aluminium signal, it seems to be the same in the survey spectra of 
the two analysed regions and this observation is confirmed by the high resolution 
spectra, which are nearly identical in intensity and peak position. It seems that, contrary 
to the zinc, the aluminium does not have different chemical states in the two different 
regions. This is in agreement with the XPS results where the metallic contribution to 
the A12p signal is very small and would not be resolvable in the AES spectrum as a 
result of the high background of inelastically scattered electrons.
The surface chemistry of HDGSOl was also investigated employing SAM and 
ToF-SIMS imaging, with the use of scatter ratio plots and reconstructed images to 
elucidate the chemical states and relative distributions of aluminium and zinc.
The SAM reconstructed image (Figure 5.3) which relates the distribution of zinc 
and aluminium confirms the presence of two well defined regions on the HDGSOl
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surface, with regions richer in zinc, the depressed regions, and regions richer in 
aluminium, the raised regions.
ToF-SIMS images were acquired and compared with the SAM data. The results 
obtained with SAM, field of view 75 x 75 microns, and the results obtained by ToF- 
SIMS, field of view 500 x 500 microns, are in good agreement. This allows the 
characteristics acquired for analysed regions to be extended to the whole surface of a 
HDGS panel.
Comparing the relative distribution of zinc and aluminium with the relative 
distribution of zinc metal and zinc oxide. Figure 5.6, it can be noticed how their match 
is very good, confirming that the zinc rich regions, depressed regions, are characterised 
by a strong presence of zinc oxide, that is not clearly present on the aluminium rich 
regions. The spectra reconstructed fi:om these two regions. Figure 5.7, confirm that the 
differences between the two regions are hnked to the distribution of the zinc. Peaks 
characteristic of zinc (Zn'*') and zinc oxide (ZnOH^) were quite weak in the spectrum 
relative to raised regions (aluminium rich regions), while they were quite intense in the 
depressed regions (zinc rich regions).
In Chapter 4 it was proposed that during the skin pass process, part of the 
aluminium oxide layer covering the HDGS surface is stripped off, exposing the 
underlying zinc coating, zinc that then oxidises. By employing high lateral resolution 
techniques such as AES and ToF-SIMS it has shown that the skin process has a variable 
effect on the HDGS surface, with some regions in which the aluminium oxide is 
covered by a very thin oxide layer (depressed regions), and regions (raised regions) in 
which the aluminium oxide occupies the outermost layer covering metallic zinc. This is 
consistent with the SEM observation of skin-passed specimen. It is hkely that the 
profile of the rolls employed for the skin pass process of the HDGSOl is very irregular. 
This irregularity has an effect not only in the topography of the surface, as shown by 
Puomi et al [50], but also in its chemistry. It is likely that the rolls apply a low load in 
correspondence of the raised regions, do not affecting in a significant manner the oxide 
layer, while in correspondence of the depressed regions the rolls are capable to partially 
strip off the aluminium oxide, exposing consequentially part of the zinc coating as 
described in Chapter 4.
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Aluminium and zinc distributions were also studied employing AES depth 
profile and AR-XPS, to understand the nature and chemistry of the oxide layer covering , 
the zinc coating better.
An AES depth profile was employed to study the two different regions 
separately, in order to have accurate information for each region. The profiles obtained 
in the two different regions confirm the previous findings. Aluminium oxide covers the 
whole zinc coating surface, and a zinc oxide layer is above aluminium in the depressed 
regions (zinc rich regions) but not in the raised region (aluminium rich regions). A 
quantification of the thickness of the various layers was not possible with Auger, but it 
was achieved employing AR-XPS.
AR-XPS data showed the presence of a carbon contamination layer on the 
HDGSOl surface, whose estimation is not very close to the value calculated from the 
XPS data using the Smith approach [113], 1.2 versus 0.6 namometres. The difference in 
the two values can depend on the difference of area analysed in the two cases. The value 
calculated using the Smith approach was obtained using XPS data acquired over a large 
area, 6 mm diameter, while the AR-XPS analysis was performed employing a beam size 
of 400 pm radius; moreover, two different machines were used, with different sources, a 
twin anode in the first case, a monochromatic source in the second case.
The hypothesis of a thin zinc oxide layer, less than 1 nanometre thickness, 
above aluminium oxide, whose estimation of 2.7 nanometres matches the values 
reported in hterature [45, 46], is confirmed by AR-XPS data. It should be noted that 
both the AR-XPS data presented in this work, and the data in literature have been 
obtained over a quite large area, without any distinction between raised and depressed 
regions. Therefore, these data cannot be directly compared to the AES and ToF-SIMS 
data, which were obtained with a lateral resolution that allowed the distinction between 
the different regions that characterise the surface of the HDGS. AR-XPS has been 
employed mainly to obtain an estimation of the thickness of the oxide layer, aluminium 
oxide plus zinc oxide, which covers the zinc coating.
Analysing the shape of the profiles, it can be noticed how the oxygen curve goes 
down when passing from the zinc oxide layer to aluminium oxide. This indicates that 
the oxygen passes from a sample where the stoichiometric concentration is higher to a 
layer where is lower. In zinc oxide, the ratio metal oxygen is 1:1, while in aluminium 
oxide (AI2O3) is 2:3; passing from zinc oxide to aluminium oxide the oxygen curve
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should go down and not up. If instead of ZnO the layer were Zn(OH)2 , the metal/oxygen 
ratio would be 1:2, so passing from zinc hydroxide to aluminium oxide the oxygen 
curve would go down, as it does. From this consideration the hypothesis that the zinc is 
present in a more complex oxidised state instead of the oxide form could be formulated, 
however more accurate investigation is needed to confirm this hypothesis. The 0/Z n 
ratio gives a value of 4 (Zn oxide ~ 20 % and oxygen ~ 80 %), value that does not 
correspond to any possible oxidised state for the zinc unless water molecules are 
coordinated, without forgetting the presence of molecules of oxygen originate from the 
carbon layer. Since at this stage it is not possible reach a sufficient degree of confidence 
about the exact chemical state of the zinc, it will be referred as zinc oxide.
A depth profiling has been previously used to study HDGS, employing different 
techniques. Bengston et al [41] employed glow discharge emission spectroscopy (GD- 
OES) to investigate the whole zinc coating; in their profiles they showed the presence of 
the aluminium rich phase at the zinc coating/steel interface, consistent with optical 
metallography.
Regarding the study of the HDGS surface, both destructive and non-destructive 
depth profiles have been employed. Fehu and Barraco [44], and Rodnyasky et al [39] 
employed XPS depth profiling, without distinguishing zinc metal and zinc oxide signals. 
More sophisticated profiles were obtained by Berger et al [52], and Fink et al by 
combining AR-XPS and AES depth profiles. They suggested an enrichment of zinc 
oxide at the outermost surface, as found in this work, but they did not quantify the 
thickness of this layer, suggesting that it is mixed with zinc oxide. In both research 
works, AR-XPS and AES depth profiles were averaging the signal coming firom quite a 
large area, without distinguishing the different regions of HDGS surface.
5.3 H D G S02: G o o d  A d h e s io n
5.3.1 Introduction
Like HDGSOl, the surface chemistry of HDGS02, a panel showing good adhesion, 
was fully characterised employing several surface analysis techniques. The study of 
HDGS02 followed the same experimental protocol used for HDGSOl.
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5.3.2 Results
The survey spectrum of the HDGS02 (Figure 5.10) shows the presence of six 
elements on the surface; by acquiring high resolution peaks for each element detected, 
the following surface elemental composition was obtained: carbon 28.9 at.%, oxygen
50.7 at.%, zinc 7.6 at.% , aluminium 12.0 at.%, magnesium 0.3 at.% and calcium 0.5 
at.%.
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Figure 5.10 XPS survey spectrum of the HDGS02.
The SEM image of HDGS02 (Figure 5.11) shows an irregular surface; six 
different areas where selected and a complete Auger analysis was carried out for aU of 
them, with results summarised in Table 5.1.
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Figure 5.11 SEM image of HDGS02 surface. Six different areas were selected and analysed by AES, 
FOV 600 X  600 pm .^ The analysis results, in terms of chemical states of aluminium and zinc are shown in 
Figures 5.13, 5.14 and 5.15, and are summarised in Table 5.1. FOV 600 x 600 pm l
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The survey spectra acquired in the six regions selected, Figure 5.12, are 
characterised by four elements, carbon, oxygen, zinc and aluminium. The aluminium 
signal is well defined in aU the six regions, while the zinc signal appears to be weak in 
Area 2 and 4. It can be noticed that the stronger the aluminium signal the weaker the 
zinc signal..
Î.00E +05 5.00E+05-
7 .00E + 05
4 .00E+05-
6 .00E + 05
Zn
-  3 .00E+05- 
Ü
2 .00E+05-
c  5 .00E + 05
4 .00E + 05
3 .00E + 05
2 .00E+05- 1 .00E+05-
5 0 0  1000
Kinetic E nergy (eV) 
S unrey  a 4
1500 500 1000 
Kinetic E nergy (eV)
1500
4.00E+05- 7 .0 0 E + 0 5 '
6 .00E + 05
3.00E + 05 Zn Zn"  5 .00E+05-
I
"  2 .00E + 05
4.00E+05-
3 .00E+05-
1 .00E+05- 2.00E+05-
5 00 1000 1500 500 1000 1500
3.50 E +05
3.00E + 05
2.50E + 05
«  2 .00E + 05
1.50E + 05
1.00E + 05
0 Zn y
y
c k /
3
500 1000 1500
Kinetic E nergy (eV)
Kinetic E nergy (eV) Kinetic Energy  (eV)
500  1000 1500
Kinetic Energy  (eV)
Figure 5.12 AES survey spectra acquired in the six different areas of HDGS02, region selection shown in 
Figure 5.10. The number reported in each spectrum refers to the area they were acquired from.
High resolution spectra of aluminium. Figure 5.13, presented in all o f the six 
areas analysed the main peak at 1386eV, are assigned to aluminium oxide [114].
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Figure 5.13 AES aluminium high resolution spectra acquired in the six different areas of HDGS02, areas 
selection shown in Figure 5.10. The number reported in each spectrum refers to the area they were 
acquired from.
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In the high resolution spectra of zinc, Figure 5.14, the main components of the 
Zn L 3 M 4 5 M 4 5  transition are two intense peaks at 992.5eV, zinc metal, and 987.0eV, zinc 
oxide. The zinc oxide component was observed in all of the six regions, while the zinc 
metal component was not observed in two areas. Area 3 and 5, respectively a raised and 
a depressed region.
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Figure 5.14 AES zinc high resolution spectra acquired in the six different areas of HDGS02, areas 
selection shown in Figure 5.10. The number reported in each spectrum refers to the area they were 
acquired from.
Table 5.1 Aluminium and zinc chemical states on the HDGS02 areas selected and studied during the 
AES analysis, as shown in Figure 5.10.
A rea Aluminium Zinc Topography
1 oxide metal / oxide depressed
2 oxide metal /  oxide depressed
3 oxide oxide raised
4 oxide metal /  oxide raised
5 oxide oxide depressed
6 oxide metal /  oxide raised
Auger maps were acquired within an area of 75 x 75 microns (in Figure 5.15a 
the SEM image of the region analysed). Aluminium and zinc signals were followed, 
using scatter ratio plots (Figure 5.15b) and relative reconstructed images (Figure 5.15c) 
to study these maps. The reconstructed image shows a surface with a strong presence of 
aluminium, indicated by the red signal, with zinc present almost on the whole surface. 
SAM analysis did not highlight a clear distinction between different regions.
ToF-SIMS spectra were acquired in the positive mode, within the range of 0- 
800u, in preparation for image acquisition. Various kinds of fragments present in the
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ToF-SIMS spectra can be observed within the 0-150 u range (Figure 5,16) i.e. 
fragments assigned to adventitious contamination, zinc and aluminium. The same type 
of features can be observed in the negative spectrum (not shown).
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Figure 5.15 An area showing different feature of HDGS02 surface was selected (a), FOV 75 x 75 pm . 
The AES analysis of this region revealed, through the relative scatter plot (b) and reconstructed image (c), 
revealed a quite homogeneous surface dominated by a strong presence of aluminium, with the zinc 
present in the whole area analysed.
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Figure 5.16 Positive ToF-SIMS spectrum of HDGS02, in the region of 0-210 u.
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ToF-SIMS images were analysed by overlaying them. The attention was focused 
on the AF, Zn"^  and ZnOH^ fragments to study aluminium and zinc relative distributions. 
The image overlay (Figure 5.17) shows that the areas where the zinc had a stronger 
signal are the same areas where the zinc was present mostly in the oxide form. ZnOH^ 
fragments were observed from almost the whole area analysed, indicating a strong 
presence of zine oxide on the HDGS02 surface.
Figure 5.17 ToF-SIMS analysis of HDGS02. On the left the overlay of the AT image, red, and Zn'^  image, 
green. On the right the overlay of Zn"^  image, blue, and ZnOH^, green. FOV 500 x 500 pm .^
AR-XPS (Figure 5.18) and AES depth profiling (Figure 5.19) were employed to 
study aluminium and zinc distribution as function of depth.
Carbon, oxygen, aluminium and zinc (metallic and oxide) surface concentrations 
were followed by AR-XPS was also employed (Figure 5.18). The signal relative to 
carbon can be associated to the organic contamination that usually covers a metallic 
surface [83]; this signal is very intense in the outermost surface, and it falls to zero very 
quickly, indicating a thin layer. The second peak is due to the signal assigned to zinc 
oxide and than the one assigned to aluminium oxide. This seems to indicate that the 
oxide on the HDGS02 surface is composed by two parts, with zinc oxide above 
aluminium oxide. The following thicknesses were calculated for the three layers 
forming on the HDGS surface: carbon contamination 1.3 nanometres, zinc oxide 0.5 
nanometres, and aluminium oxide 2.4 nanometres.
An Auger depth profile was acquired in the four regions with different 
topographies (Figure 5.19). A signal assigned to zinc oxide was observed in all of the 
four areas. However, this signal was quite low and fell rapidly to zero in all the areas 
analysed. In the same way as HDGSOl, the signal assigned to aluminium decreased in 
all the areas, but it did not reach the level zero. The zinc metal signal, relative to the 
zinc coating substrate, at the first stages was very low in both profiles, before rising
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nearly to 100%, indicating the etching of the whole oxide layer covering the HDGS02 
surface.
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Figure 5.18 AR-XPS analysis of HDGS02.
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Figure 5.19 AES depth profiles of HDGS02 in four different areas. FOV 240 x 210 pm  ^ The signal 
relative to zinc oxide was observed in all the areas analysed; it can be noticed that zinc oxide rapidly falls 
to zero in all the areas.
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5.3.3 Discussion
The three layer model proposed in the previous chapter has been used as starting 
point to represent the HDGS02 surface chemistry. Auger and ToF-SIMS analyses were 
used to refine this model, using the information obtained on the distribution of zinc and 
aluminium on the HDGS02 surface.
AES analyses of HDGS02 show that the aluminium signal seems to be the same 
in all the areas analysed. A thin zinc oxide layer is present above the aluminium oxide 
layer covering the zinc coating. Zinc oxide layer was detected in all of the six areas 
analysed, and not only in depressed areas as for HDGSOl. The low intensity of the 
signal suggests that the zinc oxide is very thin. A signal relative to zinc metal was also 
observed, but not in all the areas analysed. This suggests that the oxide thickness is not 
homogeneous; the observation of no zinc metal in Area 3 and 5 seems to indicate that in 
these areas the total oxide is thick enough not to allow the detection of signal 
originating jfrom the zinc coating substrate. Total oxide layer thickness and surface 
topography cannot be related since the areas where the zinc oxide was not detected have 
different topography. As for the HDGSOl, the origin of the irregular topography can be 
assigned to the skin pass process. At the scale of analysis, in the order of tens of 
microns, no differences in surface chemistry can be observed between areas of different 
topography.
The surface chemistry of HDGS02 was also investigated employing SAM and 
ToF-SlMS imaging, with the use of scatter ratio plots and reconstructed images to 
elucidate the chemical states and relative distributions of aluminium and zinc. The SAM 
reconstructed image (Figure 5.16) which relates the distribution of zinc and aluminium 
shows that the zinc oxide layer is present in almost the whole surface of HDGS02. It is 
not possible associate differences of chemical nature to the different topographical 
features observed.
The relative distribution of zinc and aluminium and of zinc metal and zinc oxide 
was studied using image overlays (Figure 5.17). Inspection of the AlVZn"^ overlays 
shows that the aluminium is the elements that characterises the most the surface, with 
the zinc that appears to be concentrated in well defined regions. A different scenario is 
given by the Zn% nO H^ overlay, also given in Figure 5.17. The ZnOH^ covers almost 
the whole area analysed, with just few spots in which the signal attributes to the ZnOH^
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is low, but still present. These two images suggest that the aluminium concentration is 
higher than zinc, with some regions in which the difference is so high that in the 
comparison the zinc appears to be not present, with the zinc covering the whole surface 
and being present in the oxide state.
ToF-SIMS images were also compared with the SAM data. The results obtained 
with SAM, field of view 75 x 75 microns, and the results obtained by ToF-SIMS 
imaging, field of view 500 x 500 microns, are in quite good agreement, with both 
showing an extended zinc oxide coverage. This allows extending the results acquired 
for analysed spots to the whole surface of a HDGS panel.
Aluminium and zinc distributions were also studied employing AES depth 
profiling and AR-XPS. The two techniques gave complementary results, being very 
helpful in better understanding the nature and chemistry of the oxide layer covering the 
zinc coating.
The low intensity and the rapid fall to zero of the zinc oxide signal observed in 
the AES depth profiles confirms that the zinc oxide layers is the outermost layer and 
that it is very thin. Comparing the four profiles it can also be noticed that the thickness 
of the zine oxide layer is different from area to area, showing once again how irregular 
is the zinc oxide layer. AR-XPS data show the presence of a carbon contamination layer 
above the oxide layer on the HDGS02 surface. The hypothesis of a thin zinc oxide layer, 
less than 1 nanometre thickness, above aluminium oxide, whose estimation of 2.7 
nanometres matches the values reported in literature [45, 46], is confirmed by AR-XPS 
data. Based on the same considerations made for HDGSOl, the shape of the oxygen 
profile (Figure 5.18) suggests that the outermost layer is not a simple zinc oxide but a 
more complex oxidised zinc, with water molecules coordinated on its structure. Once 
again, it has to be remembered that the AR-XPS data were obtained over an area that 
averaged the various regions that typify the surface of the HDGS02, so a direct 
comparison with the AES and ToF-SIMS would not be extremely accurate.
5 .4  C o m p a r iso n  o f  H D G SO l a n d  H D G S 02
HDGSOl and HDGS02 showed a different adhesion with a model UV-cured 
coating, based on an experimental epoxy-acrylate resin. The XPS analyses, which were
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presented in detail in the previous chapter, did not show significant differences that 
could be used to rationalise the different adhesion behaviour of the two HDGS panels. 
Both panels present a low level of carbon, with a very close carbon layer thickness (0.6 
nm for the HDGSOl and 0.8 nm for the HDGS02), and comparable [Al]/[Zn] values, 
respectively 1.46 and 1.70. Also the AR-XPS relative to the two panels are quite similar, 
indicating that data acquired over a quite large area do not allow to spot the differences 
between different HDGS panels.
For this reason surface analysis with higher lateral resolution, such as AES, 
SAM, ToF-SlMS have been employed to further investigate the HDGSOl, as 
representative of panels showing poor adhesion, and the HDGS02, as representative of 
panels showing good adhesion.
It has been shown that the surfaces of the two HDGS panels were not regular, 
with the presence of regions characterised by different topographies. In both samples it 
is possible to distinguish depressed areas and raised areas, with a stronger distinction 
between these two regions in the HDGSOl than in the HDGS02. The surface 
topography of HDGSOl and 02 are, however, very similar indicating that similar roll 
profiles have been used.
For HDGSOl the raised areas are characterised by a low presence of zinc, zinc 
that is more intense in the depressed areas. The amount of zinc is not the only difference 
between the two areas. The most important difference is that in the raised areas the zinc 
is present in the metallic form, while in the depressed areas zinc is present both in the 
metal and in the oxide form. Strong differences in zinc amount and chemical state were 
not observed for HDGS02 in areas of different topography. In HDGS02 all the areas are 
characterised by a quite intense zinc signal, which is always present in the oxide form.
Linking these results to the three-layer model built analysing the XPS data, a 
crucial difference between HDGSOl and HDGS02 can be shown. In HDGSOl, the 
outermost zinc layer does not cover the whole surface, while in HDGS02 this layer is 
present almost above all the surface.
The different distribution of zinc oxide observed in the two HDGS panels could 
be related to differences between the skin pass processes that were used for the two 
panels. It is likely that in case of HDGSOl the skin pass process had an effect only on 
certain well defined regions of the surface, which correspond to the depressed region, 
while for the HDGS02 almost all the surface was affected by the skin pass.
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Unfortunately, not having precise information about the various parameters of the 
processes, such as speed, pressure/strength applied, degree of reduction, it is not 
possible to indicate what leads to a different zinc oxide coverage. From these 
considerations it should be appear evident the importance of the skin pass process on 
the final chemistry adhesion properties, of HDGS, even though very often in literature 
information about this process are completely missing [39, 44].
The establishment of the reasons for the larger coverage of zinc oxide is very 
important since Auger and ToF-SlMS the results shown suggests that the outermost 
zinc layer is the one responsible for good adhesion with the organic coating. It is likely 
that the UV-cured coating interacts strongly with the zinc layer, while it does not with 
the aluminium oxide. A confirmation on this hypothesis will be sought during the 
investigation of the interfaces in Chapter 8.
This assumption is partially in contrast to that reported in the literature. It is 
believed that the presence of aluminium oxide causes poor adhesion since it poorly 
interacts with organic coatings. When the aluminium oxide layer is covered by an 
outermost zinc oxide layer the adhesion properties are not compromised, like for the 
HDGS02. The way to improve the adhesion properties is so to increase the zinc oxide 
coverage more than to reduce the aluminium surface concentration. AES, SAM and 
ToF-SlMS results confirm this assumption. Comparing HDGSOl and HDGS02, the 
differences in aluminium signal are minimal, indicating that it does not play a crucial 
role in the adhesion, while the differences in zinc signal are significant. It has to be 
remarked that most hterature do not specify if the HDGS studied has been skin-passed 
or not, while this study clearly indicate the importance of this process. When skin-pass 
is not clearly mentioned, we can assume with a certain degree of confidence that the 
skin-pass process was not employed in the production of those HDGS panels.
The AR-XPS analyses showed that probably the outermost zinc layer is not a 
pure zinc oxide, since the results indicate a higher presence of 0/Z n ratio than in a zine 
oxide. Comparing AR-XPS profiles relative to HDGSOl and 02 it can be notice that the 
0 /Z n ratio is slightly higher in the HDGS02 than in the HDGSOl. This difference is 
unlikely to be due to a different structure of the oxide layer, but it can also be explained 
with a different number of water molecules coordinated to the oxidised zinc. The 
presence of a complex zinc oxidised layer has been suggested by other research groups.
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which proposed the presence of zinc oxide mixed to aluminium oxide/hydroxide in the 
HDGS surface [39, 52], and not as an independent layer, as proposed in this work.
The AR-XPS data were not able to point out differences in chemical nature. The 
two sets of ARXPS data were studied using the same values of densities and attenuation 
lengths for the calculation, processed with the same software employed for the data 
acquisition [112]; similar results were obtained for the two samples, which indicate the 
presence of an outermost zinc layer, both for HDGSOl and HDGS02. Even though the 
nature of the zinc oxide layer could have not been determined exactly, it is important to 
notice that the same layer structure has been found for the two samples, suggesting the 
same layer structure for the two HDGS surfaces. Small differences in the average 
thickness of the various layers composing the HDGS surface were found, indicating a 
thicker oxide layer for HDGSOl than for HDGS02, a total of 3.5 nanometres versus 2.9 
nanometres respectively. Both oxide thickness values are compatible with the values 
proposed in literature to estimate oxide thickness [45, 46]. From these data is not 
possible to conclude that the composition of the two zinc bath was different since, as 
Puomi et al [50] showed, the thickness of the final oxide layer covering the zinc coating 
is reduced by the skin pass process, with part of the oxide layer stripped off during the 
process. Since AR-XPS data were obtained over an area of 400 pm radius, same order 
of the ToF-SIMS images field of view, they average depressed and raised regions.
Combining the XPS, AES and ToF-SIMS data it is now possible to build a 
picture of the surface chemistry of HDGSOl and 02. The XPS data indicates that an 
intuitive model o f a skin passed surface is correct with a discontinuous oxide layer with 
areas of exposed zine in between the remaining adhering AI2O3. Auger analysis reveals 
the differences between the two samples with HDGSOl (poor adhesion) having an 
intense A1 contribution with a relatively modest Zn concentration. Zinc is seen in the 
metallic state alone in some regions indicating the aluminium oxide layer is very thin. 
Chemical images by both AES and ToF-SIMS readily dehneate Zn rich and A1 rich 
regions although there are no well defined regions devoid of either element. Turning 
now to HDGS02 the AES spectra vary little from point to point and the zinc 
concentration is higher than that observed on HDGSOl. This observation is supported 
by AES and ToF-SIMS images which show that a lack of the clear demarcation of zinc 
and aluminium rich regions, seen on HDGSOl. Thus the defining factor for these two 
HDGS appears to be not a clear zinc to aluminium ratio to differentiate between
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adhesion properties, but a mueh more subtle distinction related to the manner in which 
the aluminium oxide is broken up during the skin pass stage and the subsequent manner 
in which it is distributed within the near surface region of the zinc coating.
5 .5  C o n c lu s io n s
Two of the seventeen HDGS studied in the previous chapter have been analysed 
employing spatial resolved sophisticated surface analysis techniques, in order to 
understand which surface features are responsible for good adhesion and whieh are 
responsible for bad adhesion.
The AES analysis indicate that the surface of HDGSOl is characterised by two 
distinct regions: raised regions, with a lower amount of zinc, only in the metallic state, 
and flat regions with a higher amount of zinc, present both as metal and oxide. The 
aluminium is present in a quite uniform oxide layer on the whole surface. In the flat 
region the zinc occupies with the aluminium the very first atomic layers, in the raised 
regions the zinc is almost entirely covered by the aluminium.
Evidence was found to support this model. The Auger maps, with relative scatter 
ratio plots and reconstructed images, also revealed the presence of two well distinct 
regions, characterised by the same patterns observed with the AES analyses. The ToF- 
SIMS images showed the same distinction, but on a larger scale, between areas richer in 
zinc and areas poorer in zinc; the same images revealed also how the regions richer in 
zinc were characterised by a stronger signal of the oxide fragments, matching the Auger 
conclusions perfectly. All the analyses showed no quantitative differences in the 
aluminium signal between the two regions on the HDGSOl surface.
AR-XPS indicates that, alongside its metallic state, zinc is not present as simple 
zine oxide but in a more complex structure, likely with water molecules coordinated in 
its structure. The overall thickness of the oxide layer, including zinc and aluminium, on 
the HDGSOl surface has been estimated to be in the order of 3 nanometres.
The HDGS02 showed a similar surface topography to HDGSOl, but a very 
important difference can be pointed out. On the HDGSOl surface .the zinc oxide was 
observed only in the raised regions while on the HDGS02 surface almost all regions 
were covered by this layer, as shown by the AES and the ToF-SIMS images.
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As for the HDGSOl, AR-XPS data suggest that the zinc is present in a complex 
oxidised form; the overall thickness of the oxide layer (zinc plus aluminium) has been 
estimated in about 3 nanometres.
The HDGS02 gave a good adhesion with the applied UV-cured coating, while 
the HDGSOl exhibited a bad adhesion. The XPS were not sufficient to explain what 
was responsible for a good adhesion, but from the Auger and ToF-SIMS results it can 
be concluded that the presence o f a well distributed zinc oxidised layer on the outermost 
surface determines the good adhesion between coating and metal.
A good adhesion with the UV-cured applied is guaranteed by the interaction 
established from the zinc hydroxide layer. Its absence, more than the presence of 
aluminium oxide on the HDGS surface, has to be pointed as responsible for bad 
adhesion.
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The Influence of the Cleaning 
Processes on the Surface Chemistry 
and Adhesion Properties of HDGS
6.1 In tro d u c tio n
The adhesion properties of HDGS can be improved applying surface treatment 
processes, as described in Chapter 2. Chromating and phosphating have been shown to 
be the most common pre-treatments for HDGS [46, 53, 54], but both imply the addition 
of a production step in the galvanising process, increasing the production cost, and in 
addition both are environmentally unfriendly.
An alternative route that the coil coating industry is exploring, consists of using 
pre-treatment primer at the end of the galvanising line. This strategy would still require 
the use of cleaning solutions, which are environmentally friendly, water-based, 
solutions that do not include any hazardous material [40, 45, 52]; the production cost 
would not be affected by the use of these cleaning solutions since the materials 
employed are not expensive, and the production speed is not reduced as in case of 
chromating or phosphating [54, 55].
In this chapter the influence of three different cleaning processes on the surface 
chemistry and adhesion properties of sample HDGSOl, the panel showing poor 
adhesion, will be investigated. XPS, AES and ToF-SIMS will be employed to fully 
characterise the surface chemistry of the cleaned HDGS samples, relating their surface 
chemistry with the adhesion properties tested by applying the same UV-cured initially 
applied to the.HDGSOI.
6 .2  E x p e r im e n ta l
The samples were prepared at Beckers Industrial Coatings Ltd [2], by dipping a 
small panel of HDGSOl into the selected solution for 30 seconds, and then rising in 
deionised water. Three different solutions were used, as shown in Table 6.1: an 
experimental acidic solution identified as IKB, a weak basic solution, based on sodium 
carbonate, identified as Gardo, and a NaOH solution, the latter with a pH = 1 3 . Both 
IKB and Gardo are experimental solutions provided by Beckers, whose exact 
composition is not known. AU the samples analysed were produced punching a small 
disc of 1 cm diameter from the received panels.
The cleaning processes were chosen in order to expose the HDGS to solutions of 
different pH. The NaOH cleaning process was chosen for the weU documented effect of 
a strong alkaUne process on the surface chemistry of HDGS [40, 45, 52], using the 
NaOH cleaned sample as a bench mark sample for aggressive surface modification. 
Two main reasons are behind the choice of IKB and Gardo cleaning solutions: firstly, to 
verify the effect of an acidic solution (IKB) and a weak basic solution (Gardo), secondly, 
these two solutions were used previously in Beckers laboratories for other substrates, 
showing promising results in terms of improvement of adhesion properties.
The XPS analyses were performed using a modified VG Scientific ESCALAB 
Mkll, operated as described in Chapter 3. To test the adhesion properties, a model UV- 
cured coating, based on an experimental epoxy-acrylate resin, was appUed on aU the 
HDGS, and then a simple peel-off test was performed.
All the surface analysis techniques were performed as described in Chapter 3, 
with the same spectrometer and experimental conditions.
Table 6.1 List of the cleaning processes used.
Sample Cleaning Process
HDGSOl As received
IKB Cleaned Acidic solution
Gardo Cleaned Weak basic solution
NaOH Cleaned Strong basic solution
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6 .3  R e s u l ts
6.3.1 Introduction
The surface analysis results and adhesion properties relative to the HDGSOl 
cleaned with the three cleaning processes described above will be now presented.
The adhesion properties have been initially related to the surface composition of 
the samples, obtained by XPS, before employing AES and ToF-SIMS. to rationalise the 
differences shown by the three samples.
XPS and adhesion properties results will be presented in the next section, 
followed by a complete high lateral resolution characterisation of the three cleaned 
HDGSOl panels. All the results will be discussed in a separate section, comparing the 
effects of the various cleaning processes on the surface chemistry o f HDGSOl and 
hence its adhesion properties.
6.3.2 Surface Composition and Adhesion Properties
A survey spectrum was acquired for the three cleaned HDGSOl (Figure 6.1), in 
order to identify the various elements present at the surface. The surface composition of 
each specimen was then obtained through the acquisition of high resolution spectra for 
each observed element. The surface compositions of the cleaned samples are given in 
Table 6.2 in comparison with the surface composition of the as received HDGSOl.
The survey spectra of the IKB cleaned and of the Gardo cleaned HDGSOl 
appear to be very similar, while a very different scenario is revealed by spectrum 
relative to the NaOH cleaned HDGSOl. As can be observed in Figure 6.1c, the peaks 
originate by aluminium are barely noticeable, while peaks originate by zinc have higher 
intensity than in the other two cleaned HDGSOl.
The comparison between surface composition of as received and cleaned 
HDGSOl confirms that the modification induced by the NaOH cleaning solution are 
more significant than the modifications induced by IKB and Gardo cleaning solutions.
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Figure 6.1 XPS spectra of the a) IKB cleaned, b) Gardo cleaned, and c) NaOH cleaned HDGSOl.
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Table 6.2 Surface composition (at.%) obtained by XPS of HDGSOl before and after the carried out
HDGSOl C O Zn A1 N Ca Na
As Received 20.3 55.7 9.0 13.8 1.0 0.2 -
IKB Cleaned 29.3 50.5 6.8 12.6 0.8 - -
Gardo Cleaned 21.8 53.7 10.1 13.6 0.6 0.3 Traces
NaOH Cleaned 23.6 49.7 21.9 traces - - 4.9
element not observed
The adhesion properties (Table 6.3) of the cleaned HDGSOl specimens were 
tested as for the as received HDGSOl, by a peel test, trying to remove the UV-cured 
coating applied, the same coating apphed to all the HDGS samples studied. The test 
revealed a poor adhesion between the UV-coating and the IKB cleaned HDGSOl, 
indicating that the cleaning process did not improve the adhesion properties of the 
HDGSOl; which also showed poor adhesion. In case of Gardo cleaned HDGSOl the 
test revealed an improvement in the adhesion between the UV-coating and the substrate, 
with less coating removed. This result indicates that the cleaning process slightly 
improved the adhesion properties of the HDGSOl. No coating was removed from the 
NaOH cleaned HDGSOl, indicating an excellent metal/coating adhesion. This result 
indicates that the NaOH cleaning process improved dramatically the adhesion properties 
of the HDGSOl.
As observed in Chapter 4, it is not possible to find a direct correlation between 
the surface composition of HDGS substrates and their adhesion properties. For this 
reason, AES and ToF-SIMS have been employed to characterise the three cleaned 
HDGSOl panels, in order to relate the different adhesion properties exhibited to the 
modification induced by the various cleaning processes to the two regions that typify 
the surface chemistry of the HDGSOl.
Smnple HDGSOl IKB Cleaned Gardo Cleaned NaOH Cleaned
Cleaning
Process
As
Received
Acidic
Solution
Weak Basic 
Solution
NaOH
Solution
Adhesion
Properties Poor Poor
Slight
Improvement Good
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6.3.3 IKB Cleaned: High Lateral Resolution Study
Auger analysis was carried in six different areas, selected from the acquired 
SEM image, as shown in Figure 6.2. In a similar manner to the as received HDGSOl, a 
clear distinction between depressed and raised regions can be noticed.
Figure 6.2 SEM image of the IKB cleaned HDGSOl. Six areas were selected and fully characterised. 
FOV 600 X 600
Comparing the survey spectra acquired in the areas selected (Figure 6.3), it can 
be noticed that the zinc region is much better defined in the depressed areas (1 ,3  and 5) 
than in the raised areas (2, 4 and 6), while the signal assigned to aluminium appears to 
be almost the same in all areas.
The aluminium high resolution spectra (Figure 6.4) show the same intensity and 
peak position in the six areas, with the main peak at 1386eV, KL23L23 (^D) transition; 
the other peaks that can be observed in the aluminium spectra are due to KL23L23 (’S) 
transition at 1380 eV, KL1L23 (^P) transition at 1350 eV, and KL1L23 (’P) transition at 
1333 eV. These transitions are consistent with aluminium oxide [114].
Looking at the high resolution spectra of the zinc (Figure 6.5), a difference in 
the zinc chemical state can be observed between the areas analysed. In the depressed 
regions, whose survey spectra show a well defined zinc signal, the zinc is mainly 
present as oxide, main peak at 987 eV, while in the raised regions (weak zinc signal in 
the survey spectra) the zinc is present in the metallic state, main peak at 992 eV.
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Figure 6.3 AES survey spectra relative to the six areas selected on the IKB cleaned HDGSOl surface.
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Figure 6.4 AES aluminium spectra relative to the six areas selected on the IKB cleaned HDGSOl surface.
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Figure 6.5 AES zinc spectra relative to the six areas selected on the IKB cleaned HDGSOl surface.
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ToF-SIMS spectra (Figure 6.6) and images (Figure 6.7) were acquired. The 
various fragments present in the ToF-SIMS spectra can be observed within the 0-150 u 
range (in Figure 6.6 the overlay of as received and 1KB cleaned HDGSOl), i.e. 
fragments due to adventitious contamination, zinc and aluminium.
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Figure 6.6 ToF-SIMS positive spectra of the IKB cleaned HDGSOl (top rows) in comparison with the as 
received HDGSOl within the range 0-150 u.
*
d
Figure 6.7 ToF-SIMS image analysis of the IKB cleaned HDGSOl. hi the top row a) the overlay of AF  
(red) and Zn  ^ (green) and b) the image relating AF and Zn  ^ distributions, in red aluminium rich region 
and in green zinc rich regions. On the bottom row c) overlay and d) reconstructed image relative to Zn  ^
and ZnOlF comparison. The field of view is 500 x 500 microns for all the images.
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ToF-SIMS images were studied employing overlays and image reconstructed 
from the scatter ratio plots in order to evaluate the relative distribution of aluminium 
and zinc, both in metallic and oxide states, as shown in Figure 6.7. The presence of two 
well defined regions, aluminium rich and zinc rich regions, ean be noticed, with the zinc 
rich regions characterised by a strong presence of zinc oxide.
6.3.4 Gardo Cleaned: High Lateral Resolution Study
The SEM image acquired (Figure 6.8) shows a quite complex topography. 
Depressed and raised regions are still observed, alongside regions that appear to have an 
intermediate height. Four areas, of different topographies were chosen (Figure 6.8) and 
fully characterised by AES.
Figure 6.8 SEM image of the Gardo cleaned HDGSOl. Four areas were selected and fully characterised. 
FOV 250 X 250 g m l
Comparing the survey spectra acquired in the four areas selected (Figure 6.9), it 
can be noticed that the zinc signal is well defined in all the areas, and that the 
aluiuinium signals appear to be very similar in the four areas.
The aluminium high resolution spectra (Figure 6.10) indicate the presence of 
aluminium in the oxide state, with the main peak at 1386eV, KL23L23 (*D) transition; the 
other peaks that can be observed in the aluminium spectra are due to KL23L23 (^S) 
transition at 1380 eV, KL1L23 (^P) transition at 1350 eV, and KL1L23 (^P) transition at 
1333 eV. All these transitions can be assigned aluminium oxide [114].
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Figure 6.9 AES survey spectra relative to the four areas selected on the Gardo cleaned HDGSOl surface.
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Figure 6.10 AES aluminium spectra relative to the four areas selected on the Gardo cleaned HDGSOl 
surface.
The zinc high resolution spectra (Figure 6.11) show two main peaks, one at 
992.5 eV, assigned to zinc oxide, and one at 987.0 eV, assigned to metallic zinc, with 
both peaks due to the L 3 M 4 5 M 4 5  transition [117]. Only one component was observed for 
Area 3, zinc oxide, indicating the presence of a thicker oxide layer in that region, which 
did not allow the observation of the signal originating from the zinc metallic substrate.
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Figure 6.11 AES zinc spectra relative to the four areas selected on the Gardo cleaned HDGSOl surface.
ToF-SIMS spectra were acquired in the positive mode, within the range of 0- 
800u (Figure 6.12 the overlay of as received and Gardo cleaned HDGSOl), where 
examples of peaks of different natures, i.e. fragments resulting from adventitious 
contamination, zinc and aluminium, can be observed.
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Figure 6.12 ToF-SIMS positive spectra of the Gardo cleaned HDGSOl (top rows) in comparison with the 
as received HDGSOl within the range 0-150 u.
-98
ToF-SIMS images were studied employing image overlays, as shown in Figure 
6.13. The AlVZn^ and Zn^/ZnOH^ overlays show a wide coverage of zinc, especially in 
the oxide form, over the HDGSOl surface. A distinction between aluminium rich 
regions and zinc rich regions is not possible for this sample.
'1
Figure 6.13 ToF-SIMS overlays of AT (red) and Zn  ^ (green) images on the left, and of Zn  ^ (red) and 
ZnOlT (blue) on the right. FOV 500 x 500 gm .^
6.3.5 NaOH Cleaned: High Lateral Resolution Study
The surface topography of the NaOH cleaned HDGSOl (Figure 6.14) is quite 
complex. Alongside depressed and raised regions, regions of an intermediate 
topography are observed. Looking carefully at the SEM image, it is possible to notice 
the presence of regions whose contrast appears to be brighter than the rest of the surface, 
such as area 3 and area 4.
Figure 6.14 SEM image of the NaOH cleaned HDGSOl. Four areas were selected and fully characterised. 
FOV 600 X 600 gm l
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Carbon, oxygen and zinc peaks can be clearly distinguished in the survey spectra 
of the four areas analysed (Figure 6.15), with the zinc peaks being the most intense in 
the spectra, while the aluminium peak can be barely observed.
Weak aluminium peaks are observed in the aluminium high resolution spectra 
(Figure 6.18). A peak energy of 1386eV, KL23L23 (^D) transition, indicates that the 
residual aluminium in the NaOH cleaned HDGSOl is present in the oxide state {114].
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Figure 6.15 AES survey spectra relative to the four areas selected on the NaOH cleaned HDGSOl surface.
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Figure 6.16 AES survey spectra relative to the four areas selected on the NaOH cleaned HDGSOl surface. 
A weak aluminium oxide signal was observed in all the areas selected.
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The zinc high resolution spectra (Figure 6.17) showed a very intense peak in the 
region of 987 eV, due to the L3M45M45 transition for the zinc oxide [117]. The other 
peaks in the zinc spectra are other Auger electron transitions; the L3M 23M45 (^P) at 900.1 
eV, the L3M23M45 (^P) at 909.1 eV, the L2M23M45 at 923.3 eV and the L2M 45M 45 at 
1010.2 eV [117]. No signal attributable to metallic zinc was observed in the various 
area analysed.
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Figure 6.17 AES zinc spectra relative to the four areas selected on the NaOH cleaned HDGSOl surface. 
The zinc was observed in the oxide state in all the areas selected.
The ToF-SIMS spectrum pattern of the NaOH cleaned HDGSOl (Figure 6.18) is 
very different from the pattern of the as received sample. The most obvious difference is 
indeed the very low intensity of aluminium peaks in the NaOH cleaned spectrum, a 
spectrum in which sodium-rich fragments, such as NazOH^ and COsNas'*', are very 
intense.
A weak aluminium presence can be also observed in the high resolution spectra 
and ToF-SIMS images. Looking at the A Ÿ  image, it can be noticed how aluminium is 
present only in few spots (Figure 6.19a), while zinc is present on the whole surface 
(Figure 6.19b), as can be also observed in the AF/Zn"*" overlay (Figure 6.19c). The 
Zn^/ZnOH^ overlay (Figure 6.21 d) shows that the zinc is present in the oxide form on 
the whole surface.
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Figure 6.18 ToF-SIMS positive spectrum of the NaOH cleaned HDGSOl compared to the as received 
HDGSOl.
mm
Figure 6.19 ToF-SIMS image analysis of NaOH cleaned HDGSOl. On the top row AF (left-hand side) 
and Zn'*' (right-hand side) images. On the bottom row overlay of AF (red) and Zn'*' (green) and overlay of 
Zn'*' (red) and ZnOlF (white). For all the images, FOV 500 x 500 pm .^
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6 .4  D i s c u s s i o n
XPS, AES and ToF-SIMS were employed to characterise the cleaned HDGSOl 
panels in order to elucidate the influence of the different cleaning regimes on surface 
chemistry and adhesion properties.
XPS survey spectrum of the 1KB cleaned HDGSOl (Figure 6.1) revealed the 
presence of five elements. The level of carbon, less than 30%, indicates a relatively 
clean surface, however, if compared with the level of carbon detected for the as received 
(Table 6.2) it can be noticed how the level of carbon increased after the cleaning process. 
The increase of the carbon level is likely to have occurred by a deposition of organic 
components from the cleaning solution more than from an increase of the adventitious 
airborne contamination layer. This can be assumed comparing the ToF-SlMS spectra of 
the as received and 1KB cleaned HDGSOl (Figure 6.6); in the 1KB cleaned spectrum, 
peaks usually originating from adventitious carbon contamination, such as CgHg  ^ and 
CvH?"^  have a lower intensity if compared with the spectrum of the as received HDGSOl.
Specific areas of the sample (Figure 6.2) were studied by AFS. In the same way 
as the as received, HDGSOl specimen, the SFM image revealed the presence of raised 
and depressed areas. The major difference between them was the zinc coverage. As can 
been observed in the survey (Figure 6.3), and in the zinc high resolution spectra (Figure 
6.5) the zinc signal is well defined in the depressed areas (1, 3 and 5), with the zinc 
mainly present as oxide, while in the raised regions (2, 4 and 6) the zinc signal is very 
low, and the metallic state is the one in which the zinc is present. Regarding the 
aluminium signal, both survey and aluminium (Figure 6.4) spectra show very similar 
aluminium signal in the various areas analysed. It seems that, contrary to the zinc, the 
aluminium does not have different chemical states in the depressed and raised areas.
ToF-SlMS images were acquired to study the relative distribution of aluminium 
and zinc, using image overlays and an image reconstructed from the scatter ratio plots. 
Comparing the relative distribution of zinc and aluminium with the relative distribution 
of zinc metal and zinc oxide, in Figure 6.7, it can be noticed how their match is very 
good, confirming that the zinc rich regions (depressed areas) are characterised by a 
strong presence of zinc oxide, that is almost absent in the aluminium rich regions.
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The data obtained from the various surface analysis techniques employed 
indicate that the surface chemistry of the IKB cleaned HDGSOl is very similar to that of 
the as received HDGSOl, with the presence of two well distinct regions, aluminium rich 
and zinc rich regions. The IKB cleaned HDGSOl showed a poor adhesion with the UV- 
cured coating applied, as did the HDGSOl. This poor adhesion should not be surprising 
since no significant changes at the surface chemistry were apparent with the IKB 
cleaning process.
The XPS analysis of the Gardo cleaned HDGSOl does not show any clear 
difference when compared with the as received HDGSOl. The level o f zinc and 
aluminium is very similar, with a slight increase in the amount of zinc observed (Table 
6.2). The Zn/Al ratio also increases from the as received (Zn/Al = 0.65) to the Gardo 
cleaned (Zn/Al = 0.74). This variation could indicate the presence of more zinc on the 
Gardo cleaned than in the as received HDGSOl surface, however it could also originate 
from the XPS measurement error and the inhomogeneity of the HDGSOl surface.
Relevant differences between Gardo cleaned and as received HDGSOl samples 
cannot be observed in the ToF-SIMS spectra (Figure 6.12); the spectrum acquired for 
the Gardo cleaned sample is composed with the same peaks present in the as received 
HDGSOl spectrum. The only difference is a higher intensity for the peaks originating 
from cation-containing fragments, such as Na'*' and K^, which probably are due to salt 
residuals left by the cleaning process.
The SEM image acquired for the Gardo cleaned HDGSOl (Figure 6.8) shows an 
irregular surface, with a more complex topography than the as received HDGSOl. 
Raised and depressed regions can still be distinguished, like Area 3 and Area 1 in 
Figure 6.8, but regions of intermediate topography, such as Area 2, can also be observed. 
A clear zinc signal can be observed in the survey spectra acquired in the four areas 
selected (Figure 6.10); this indicates a stronger presence of zinc in the Gardo cleaned 
than in the as received HDGSOl, as suggested by the XPS results. Looking at the high 
resolution AES zinc spectra (Figure 6.11) the presence of zinc oxide (main peak at 
987.0 eV) can be noticed in all the areas, whereas in the as received HDGSOl in the 
depressed region the zinc was observed only in the metallic form. Looking at the 
aluminium signal, both in the survey and in the aluminium spectra (Figures 6.9 and
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6.10), no differences can be noticed for the various areas analysed. The aluminium was 
observed always in the oxide state, and with a comparable intensity.
A strong presence of zinc is confirmed by ToF-SIMS imaging results. The 
overlay of zinc and aluminium (Figure 6.13) clearly shows that a distinction between 
aluminium rich and zinc rich regions is not longer possible, with the zinc spread over 
the whole surface. The overlay of zinc and zinc oxide signal (Figure 6.13) confirms a 
wide coverage of the zinc oxide, which covers the Gardo cleaned surface almost 
completely, and not only in few areas like the as received HDGSOl.
The data obtained from the various surface analysis techniques employed 
indicate that the surface chemistry of the HDGSOl was influenced by the Gardo 
cleaning process. A stronger presence of zinc was observed, with zinc oxide covering 
almost of the surface of the sample. Contrary to the as received HDGSOl, a clear 
distinction between aluminium rich and zinc rich areas was not possible.
The Gardo cleaned HDGSOl showed a better adhesion with the UV-cured 
coating apphed than the HDGSOl did, with less coating stripped off the metal substrate 
surface during the peel test. This result reinforces the assumption that the presence of 
zinc oxide in the outermost layer is responsible for good adhesion.
The NaOH cleaned process changed drastically the surface chemistry of the 
HDGSOl, removing the aluminium oxide layer and, consequently, oxidising the zinc 
exposed in the outermost layer, as shown in equation 2 .2 .
The effect of strong alkaline cleaning process, based on sodium or potassium 
hydroxide, on the surface chemistry of HDGS has been studied by other research groups, 
showing that the aluminium oxide layer is removed during the cleaning process [40, 
52]; the removal of the aluminium oxide layer has been observed also for HDGS that 
were not skin-passed [45].
The XPS analysis (Figure 6.1) clearly shows that the aluminium oxide was 
completely removed from the HDGSOl surface, since no aluminium was observed. 
Traces of aluminium were detected by ToF-SIMS, as can be observed in the AF image 
(Figure 6.19). The AF image shows that aluminium is no longer present on the whole 
HDGS surface, but only in a few localised regions. AES results confirm that traces of 
the aluminium oxide were left on the HDGS surface. Looking at the aluminium high 
resolution spectra (Figure 6.16), a small peak can be observed in all the areas analysed.
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From the energy of these peaks, 1387 eV, it can be concluded that the aluminium left on 
the surface is in the oxide form.
AES and ToF-SIMS analysis show that the zinc is present in the oxide form. No 
metal peaks were observed in the four areas analysed by AES (Figures 6.15 and 6.17), 
and the ToF-SIMS images (Figure 6.19) show that the zinc oxide is present all over the 
surface.
Looking at the survey spectra, it is possible to notice the high intensity of the 
zinc peaks, whose intensity is so high that it is possible to distinguish peaks relative to 
different transitions. These peaks can be identified looking at the zinc high resolution 
spectra. The various peaks observed are due to different LMM  transitions. The kinetic 
energy of the various peaks indicates that the zinc is present just in the oxide form. The 
absence of peaks due to metal zinc suggests that the zinc oxide layer created during the 
NaOH cleaning process is thick enough not to allow the observation of the metalhc zinc 
substrate.
This consideration is important to understand the origin of the aluminium 
detected. Fink et al suggested the presence of small amount of aluminium within the 
zinc coating [45]. Since no zinc coming from the substrate was observed, it is unlikely 
that the aluminium observed was originated from that layer. It is possible that the 
aluminium detected is due to some residual of the original aluminium oxide layer 
covering the zinc coating, as shown by ToF-SIMS images (Figure 6.19).
Regions of different topography can be observed in the NaOH cleaned HDGSOl 
surface (Figure 6.16), such as depressed and raised regions, and regions with an 
intermediate height. Even though these regions are characterised by different 
topographies, their surface chemistry appears to be identical. The effect of the NaOH 
cleaning process is the same for the two regions that typify the surface chemistry of the 
as received HDGSOl, i.e. aluminium rich regions and zinc rich regions.
The NaOH cleaned HDGSOl showed a good adhesion with the UV-cured coating 
applied, no coating was removed with the peel test. This good result was expected since 
the alkaline cleaning has been already pointed out as an efficient method to improve the 
adhesion properties of HDGS [40, 52]. The NaOH cleaning process improves the 
adhesion properties by removing the aluminium oxide layer, which does not show good 
interaction with the organic coatings, promoting at the same time the formation of a zinc 
oxide layer, which interacts better than the aluminium oxide with the coatings.
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Table 6.4 Influence of the cleaning processes on HDGSOl surface chemistry and adhesion properties
Sample HDGSOl IKB Cleaned Gardo Cleaned NaOH Cleaned
Cleaning
Process
As
Received
Acidic
Solution
Weak Basic. 
Solution
NaOH
Solution
Main
Features
Two well defined 
region, one richer 
ill zinc (oxide and 
metal), and one 
richer in 
aluminium (zinc 
mainly in tlie metal 
state)
No significant 
changes 
brought. Zinc 
slightly oxidised
Partial oxidation 
of tlie metallic 
zinc.
Heterogeneity 
of suiface less 
well defined
Removal of tlie 
aluminium, 
oxidation of the 
zinc
Adhesion
Properties
Poor Poor Slight
Improvement
Good
Comparing the surface chemistry of the three cleaned samples, it can be noticed 
that increasing the presence of the zinc oxide on the HDGSOl surface improves the 
adhesion properties of the HDGSOl (Table 6.4). The amount of the zinc oxide on the 
surface is the major difference amongst the three samples, after the absence of the 
aluminium layer on the NaOH cleaned samples.
No clear differences can be noticed from the XPS and ToF-SIMS spectra (Table 
6.2 and Figures 6.1, 6 . 6  and 6.12) of IKB and Gardo cleaned samples, differences that 
are highlighted by AES analyses and ToF-SIMS images. In the IKB cleaned samples 
only a few regions (depressed regions) have a zinc oxide layer on the surface, while in 
the Gardo cleaned sample the zinc oxide can be observed on almost the whole surface.
XPS and ToF-SIMS spectra from the NaOH cleaned HDGSOl are very different 
from the spectra relative to the other samples. This is due to the absence of an 
aluminium oxide layer.
Comparing the surface chemistry o f the three samples and their adhesion 
properties it can be noticed that increasing the presence of the zinc oxide on the 
HDGSOl surface, the adhesion properties improved. The IKB, with almost no surface 
modification, gave poor adhesion, similar then as received sample. The Gardo cleaning 
increased the presence of the zinc oxide on the surface, and the adhesion test showed an 
improvement in the metal/coating adhesion. The NaOH cleaning was the one that 
increased the most the adhesion properties, with zinc oxide as only component of the 
surface, with no coating removed after the test.
Since for the NaOH cleaned sample almost no aluminium is present on the 
surface, this could indicate that the removal of the aluminium has to be seen as cause of
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the better adhesion, as also suggested in the hterature [40, 45, 52]. However in the 
previous chapters it has been shown that a good adhesion was achieved even with a 
strong presence of aluminium on the HDGS surface. Therefore the presence of zinc 
oxide more than the absence of the aluminium oxide has to be indicated as responsible 
for good adhesion. '
6 .7  C o n c lu s io n s
The effects of three different cleaning processes on the surface chemistry o f the 
HDGSOl have been studied.
The first cleaning process, the IKB, was based on an experimental acidic 
solution; the IKB cleaning did not modify significantly the surface chemistry and the 
adhesion properties of HDGSOl.
The second cleaning proeess, Gardo, was based on an experimental weak basic 
solution (sodium carbonate); the Gardo cleaning process modified the surface of the 
HDGSOl, in terms of topography and surface chemistry, increasing the presence of zine 
oxide on the surface. The adhesion properties were slightly improved.
The third cleaning process, based on a NaOH solution, had a strong influence on 
the HDGSOl, both in terms of surface chemistry (aluminium oxide removed and zinc 
completely oxidized) and adhesion properties, whieh improved dramatically.
In the previous chapter, comparing HDGSOl (poor adhesion) and HDGS02 
(good adhesion), the zinc oxide layer present in the outermost layer o f the surface was 
indicated as responsible for a good coating/HDGS adhesion. Studying the effects of the 
cleaning processes on the surface chemistry and adhesion properties o f the HDGSOl, it 
has been shown that the improvement of the adhesion properties was directly related to 
the enhancement of zinc oxide coverage on the HDGSOl surface. The more the zinc 
oxide coverage the better the adhesion properties, as suggested in the previous chapter.
The coating/HDGS interaction will be studied through adsorption studies and 
the investigation of the coating/HDGS interfaces, aiming to confirm the hypotheses 
formulated on the last chapters on the correlation between HDGS surface chemistry and 
its adhesion properties.
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Adsorption Studies of UV- 
Cured Coating on HDGS
7.1 In tro d u c tio n
In the previous chapters the surfaee chemistry of HDGS has been investigated in 
some detail. It has been shown that panels produced in different production hnes have 
different surface chemistry, and as a consequence their adhesion behaviour is often 
different. Comparing a HDGS with good adhesion with one showing poor adhesion, the 
hypothesis that the difference in the adhesion properties depends on the coverage of a 
thin zinc oxide on the HDGS surface has been formulated.
In this chapter the interaction of HDGS with a prototype UV-cured coating, the 
same coating used in the previous chapters to test the adhesion properties of HDGS 
samples, will be investigated employing adsorption studies. Some o f the main 
components of the UV-cured coating have been selected for this study. Two different 
HDGS substrates were employed, one showing good adhesion and one showing poor 
adhesion, as described previously.
In the first section of the ehapter, the characterisation of the materials used in the 
adsorption studies, both the HDGS substrates and the organic molecules adsorbed, will 
be given in order to have accurate reference point for the adsorption data interpretation. 
The adsorption of the various reagents, by XPS and ToF-SIMS, will be then presented, 
aiming to differentiate the interaction with the two different substrates, but also the 
interaetions occurring in the two different regions that typify the HDGS surface. In the
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last section, the simultaneous adsorption of two components of the coating will studied, 
in order to understand if their adsorption is influenced by the presence of the other 
chemical.
7.2  R e fe r e n c e  M a teria ls
7.2.1 Introduction
In the previous chapters the adhesion properties of several HDGS panels have 
been described in terms of adhesion established with a prototype UV-cured coating. 
Hereinafter this coating, whose complete formulation is given in Table 7.1, will be 
identified as PMOOl.
Thi'ee main components of the PMOOl, the main resin and the two adhesion 
promoters, have been chosen to undertake adsorption studies, using as substrates the as 
received and the NaOH cleaned HDGSOl, which respectively showed poor and good 
adhesion. The raw chemicals and the HDGS substrates were provided by Becker 
Industrial Coatings LTD [2]. The safety data sheet of the three components employed 
in the following adsorption studies are given in the appendices.
Table 7.1 Composition of the PMOOl. Three components, the main resin and the two adhesion promoters
Product Name Description wt.%
IBOA ISOBORNYL acrylate 25.88
Photocryl P302 Low viscosity polyester acrylate 12.81
RDO1/306 Experimental epoxy-acrylate resin 42.92
BYKP105 :IBOA 1:1 Wetting agent 0.38
Shildex C303 Anti corrosive pigment, silica based 7.69
EB 168 Adhesion promoter, a phosphate 5.51
EB 171 Acidic methacrylate adhesion promoter 8.97
KTO 46 Trimethyl henzoydiphenyl phosphine oxide 4.80
In the following sub-sections the three chemicals and the two substrates employed 
will be described in order to establish a reference point for the adsorption studies.
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Pieces of silicon wafer were used as substrate to analyse the three components. 
Spin coating was employed to deposit the selected raw chemicals on the silicon 
substrate. A solution of 10 g/L concentration was used to deposit the chemicals. Prior 
spin-coating, the silicon wafers were cleaned with acetone.
7.2.2 Resin
The epoxy acrylate resin of the type used for UV-cured coatings, produced by 
UCB (Chem) Ltd. [122], included in the PMOOl is an experimental formulation based 
upon a standard low molecular weight diglycidyl ether of bisphenol A which has been 
only partially acrylated to ensure a degree of epoxy functionality is retained. As 
described in Chapter 2, the epoxy-acrylate resins offer several advantages, such as 
excellent chemical resistance, very high cure speed and easy dilution with reactive 
monomers [69]. The precise molecule structure of the epoxy-acrylate used has not been 
provided by the manufacturer, but it is known that the monomer is based on bisphenol 
A, and that is it a mixture of DGBA based monomer described above (50%), and 
isoboryl acrylate (IBOA) reactive diluent (50%). Previous works on resins based on 
bishpenol A, such as the diglycidyl ether of bisphenol A (DGBA, in Figure 7.1a) have 
been taken as reference, especially for the ToF-SIMS data analysis.
o-csr-c^ca, ■CHj
Figure 7.1 Basic structure of the DGBA, a common bisphenol A  based resin [123], and b) of isoboryl 
acrylate (IBOA), the reactive diluent.
The adsorption of the IBOA (Figure 7.1b) on the HDGS surface is minimum, as 
observed in the adsorption study of this molecule (not presented): for this reason the 
resin adsorption has been followed studying the DGBA fragments.
A XPS survey spectrum was first acquired (Figure 7.2). Two main peaks 
characterise the spectrum, carbon and oxygen, the only elements present in the 
bisphenol A strueture. The sihcon signal was originated from the substrate; the 
increasing background after the silicon peaks is due to the presence of the resin 
deposited over the sihcon, with deposited layer greater than 10 nm. Oxygen and carbon 
are always observed in XPS analysis of metal, with the exception of noble metals such
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as gold and platinum; the carbon originates mainly from atmospheric contamination, 
while the oxygen from the native oxide layer. For this reason, a simple use of carbon 
and oxygen surface concentrations to follow the adsorption of the resin could be 
misleading. In order to obtain more accurate results, the carbon corelines were peak- 
fitted to identify all the components contributing to this peak; these components will be 
used to follow the adsorption of the resin by XPS.
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Figure 7.2 XPS survey spectrum of the pure resin (RDO 1/306).
For all the components in the fitting of the C ls peak the same frill width at half­
maximum (FWHM), 1.38 eV, was used. The fitting of the C ls peak (Figure 7.3) 
required the used of seven components. In order to perform high quality peak-fitting, 
the proportion of the different kinds of carbon atoms identified in the molecular 
structure of the bisphenol A has been used to ensure full meaning of the data. The 
binding energy of each component has been monitored through the whole process; the 
binding energies established by Beamson and Briggs [100], were used as reference, as 
the values used in previous works [4, 101, 124]. The peaks used in the fitting, and their 
surface concentration are reported in Table 7.2.
Aliphatic
A rom atic
c-o-c
0=0
U - 0 -G = 0
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293 292 291 290 289 288 287 286 285 284 283 282 281 280 279
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Figure 7.3 Cl s peak-fitting of the pure resin (RDO 1/306).
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Table 7.2 Binding energy and surface concentration of the various components used for the fitting of the
Component Binding energy (eV)
Surface concentration 
(at. %)
Aromatic 284.4 22.3
Aliphatic 285.0 31.5
OOC-CH3 285.5 9.7
C-O-C 286.4 11.2
c -o -c= o 287.0 1.7
c= o 287.6 2.0
c-o -c= o 289.1 1.6
Peaks originates from the bisphenol A type structure have been observed in the 
positive spectrum, 0-180 u range shown in the left-hand side of Figure 7.4, and in the 
negative spectrum, 40-220 u range shown in the right-hand side of Figure 7.4; these 
peaks have been used as characteristic peaks of the main resin in the adsorption study of 
the resin on HDGS. Previous ToF-SIMS studies works reported in literature on systems 
based on bisphenol A have been taken as reference to identify some characteristic peaks 
[123, 125], both in positive and negative polarity, peak lists given in Tables 7.3 and 7.4.
SiCjO
C3H302
CsHsO
SiHO. WH
CsHsOCsHsO
CtHî O
CUH1102CloHs
CsHiiO
C11H9
C12H8
C i i Hj Oj
CuHtO
Figure 7.4 ToF-SIMS spectra relative to the pure resin (selected ranges). In both positive (left) and 
negative spectra (right) fragments originated from the resin fragmentation can be observed. Peaks 
originate from the silicon wafer substrate can also be noticed.
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Table 7.3 List of characteristic positive fragments originated by the bisphenol A  fragmentation with 
relative structure [123, 125]. Am/ppm values refer to the difference in mass between the exact and the
Formula Structure Mass (u) Am/ppm
CH 2 OH+ H O -C H 2 31.0184 12.5
C 3 H 5 O+
H gC -C H -C H g
0
57.0340 25.4
C 6 H 5 + O * 77.0391 13.4
C 7 H / # 91.0548 6 . 6
CH3
135.0810 33.3
C 1 3 H 9 + 165.0704 44.7
Table 7.4 List o f characteristic negative fragments originated by the bisphenol A fragmentation with 
relative structure[123, 125], Am/ppm values refer to the difference in mass between the exact and the
Formula Structure Mass (u) Am/ppm
CfiHsO- 93.0340 37.4
CgHsO HC=C— 0 " 117.0340 50.7
C9H9O 133.0653 21.3
C 1 4 H 1 1 O 2 o ^ r ^ o - 211.0759 2 . 6
7.2.3 Adhesion Promoters
The adhesion promoters EB 171 and the EB 168 included in the PMOOl 
formulation, were studied by XPS and ToF-SIMS. Both EB 171 and 168 are acidic
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methacrylate adhesion promoter, produced by Cytec [126], characterised by low 
viscosity and acid functionality. More information can be found in the relative data 
sheet included in the appendices.
In the XPS survey spectrum of the EB 171 (Figure 7.5) a phosphorous signal can 
be noticed. Since no phosphorus was ever observed for the HDGS in the previous 
analyses, this element has been selected as marker of the adhesion promoter and used to 
follow its adsorption.
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Figure 7.5 XPS survey spectrum of the EB 171.
As for the previous adhesion promoter, in the XPS survey spectrum (Figure 7.6) 
a clear phosphorous signal can be noticed. As for the EB 171, the phosphorus signal 
was used to follow the adsorption by XPS.
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•vJi N a is  I.OOE+05
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Figure 7.6 XPS survey spectrum of the EB 168.
ToE-SIMS spectra were acquired for the EB 171 (Figure 7.7). Several peaks of 
fragments containing phosphorus can be observed both in the positive and in the 
negative spectrum, and in Tables 7.5 and 7.6 respectively, positive and negative peaks
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characteristic of the adhesion promoter (containing phosphorus) are listed. Some peaks 
of these lists were selected and used to follow the adsorption of the EB 171 by ToF- 
SIMS. ToF-SIMS spectra were also acquired for the EB 168 (Figure 7.8). Several peaks 
of fragments containing phosphorus can be observed both in the positive and in the 
negative spectrum; in Tables 7.5 and 7.6 respectively, positive and negative peaks 
characteristic of the adhesion promoter (containing phosphorus) are listed. ToF-SIMS 
data indicate that the two adhesion promoters have a quite similar dominant chemistry. 
The investigation conducted at this staged on the two adhesion promoters did not aim to 
differentiate them, but to find characteristic features to be used in the following 
adsorption studies. For this reason a more detailed study of the two adhesion promoters 
was not undertaken.
Table 7.5 List of positive fragments containing phosphorus for the two adhesion promoters, the EB 171 
and the EB 168. Am/ppm values refer to the difference in mass between the exact and the observed values
Formula M ass (u) EB 171 Am /  ppm
EB 168 
A m /p p m
30.9738 0 . 0 5.3
PH^ 31.9816 12.5 3.6
P0 + 46.9687 0 . 6 16.0
CH4P3O+ 124.9475 35.2 8 . 0
P3O3+ 140.9060 0 . 2 69.0
Table 7.6 List of negative fragments containing phosphorus for the two adhesion promoters, the EB171 
and the EB 168. Am/ppm values refer to the difference in mass between the exact and the observed values
Formula Mass EB 171 A m /p p m
EB 168 
A m /p p m
P- 30.9738 5.5 52.7
PO2 - 62.9636 39.6 3.7
PO3- 78.9585 43.3 9.0
PO4H- 95.9612 43.1 1 . 2
PO4 H2 - 96.9691 45.9 0 . 6
C2H4PO4- 122.9847 24.7 19.6
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Figure 7.7 ToF-SIMS spectra relative to the EB 171 (selected ranges). In both positive (left) and negative 
spectra (right) fragments containing phosphorus characteristic of the EB 171 can be observed. Peaks 
originate from the silicon wafer substrate can also be noticed.
XI o’ P02, P 0 3 ,Na,
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Figure 7.8 ToF-SIMS spectra relative to the EB 168 (selected ranges). In both positive (left) and negative 
spectra (right) fragments containing phosphorus characteristic o f the EB 171 can be observed. Peaks 
originate from the silicon wafer substrate can also be noticed.
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7.2.4 Substrates
Two substrates have been used for the adsorption studies, the as received 
HDGSOl and the NaOH cleaned HDGSOl. The choice of these two substrates has been 
made for two reasons: having a substrate showing good adhesion (the KNaOH cleaned) 
and one showing poor adhesion (the as received), and to have a substrate presenting 
mainly aluminium oxide on the surface (the as received) and one with zinc oxide as 
main component of the surface (the NaOH cleaned).
Both substrates have been analysed by XPS and ToF-SIMS after undergoing to 
the same cleaning procedure (described in the next section of this chapter) used in the 
samples preparation prior adsorption of the various chemicals in order to have a 
reference to compare the composition after the adsorption of the chemicals with a 
substrate that has undergone to the same cleaning steps. The XPS results of the two 
samples, in terms of surface elemental composition, are given in Table 7.7.
Table 7.7 Elemental surface composition of the two HDGS panels used as substrate in the adsorption 
studies.
HDGSOl C O Zn ; .Na . N Ca ^;:;Fe:l
As Received 30.0 49.9 6 . 6 11.4 0.7 1 .1 0.3 -
NaOH Cleaned 41.0 41.0 13.9 1 . 2 2 . 2 - - 0 . 8
“-“:element not observed
7.3 E x p e r im e n ta l
In order to cover a wide range of concentrations several solutions were prepared 
by dilution of stock solution for each of the coating component studied; the exact range 
of concentrations used will be given in the next sections for each component. Disks of 1 
cm diameter were used for the two substrates. The following preparation procedure was 
used to prepare the various samples:
■ ultrasonic bath in acetone for 15 minutes
■ ultrasonic bath in toluene for 15 minutes
■ drying in air for two hours
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■ adsorption for 25 minutes in 25 ml of solution
■ three cleanings in toluene baths, 3 minutes each
■ drying in air for eighteen hours
All the solutions were prepared using an apolar solvent, toluene; the use of an 
apolar solvent instead of a polar solvent, such as acetone, leads to an higher amount of 
chemical adsorbed on the substrate, as shown by Abel et al in their study of adsorption 
of PMMA on conducting polymers [127], since the apolar solvents do not occupy the 
adsorption sites on the substrate as the polar solvents.
XPS analyses were performed employing the ESCALAB Mkll, ToF-SIMS 
analyses were performed with the TOF.SIMS 5, using the experimental conditions 
stated in Chapter 3.
Adsorption data were determined using the values of the surface concentration 
for the XPS analysis, while for the ToF-SIMS analysis various fragments were studying 
using the relative peak intensity (RPI). Different formulas have been reported in 
literature for the RPI, going from quite straightforward formulas to more sophisticated 
algorithms of calculation to normalise the data [128, 129]. Employing the RPI in the 
calculation routine allows using ToF-SIMS data in a quantitative way [129].
RPI is commonly calculated either as lads  / ( la d s  + 1 sub) [127, 130] or lads / I t o t  [123, 
131]; in this work the latter formula has been used. Two main reasons are behind this 
choice: to be consistent with the method apphed to normalise the ToF-SIMS images 
showed in the previous chapters, and because of the inhomogeneity of the substrate, a 
significant variation in peaks intensity can be observed for the same substrate, implying 
incorrect data normahzation.
7A Adsorption from Solution
7.4.1 Introduction
The use of surface techniques, especially XPS and ToF-SIMS to study the 
adsorption of chemical components from liquid solutions to metal substrates has
- 119-
increased in the last decades thanks the possibility to directly measure the uptake of the 
adsorbate and the high level of surface sensitivity of the techniques [89].
Several authors have employed these surface analysis tools in adsorption studies 
involving adsorbed molecules and substrates of different nature, always extracting very 
useful information.
In this study the attention will be focused on the adsorption the three coil coating 
components, chosen from the formulation of the PMOOl, on metal substrates. After 
presenting all the results, they will be discussed aiming to understand the differences 
between the different chemicals and substrates.
Besides being able to differentiate the amount of adsorption, this investigation 
aims to understand the effects to the HDGS surface chemistry induced by the adsorption 
of the various chemicals.
7.4.2 Results
7.4.2.1 Introduction
The results relative to each component have been divided in two sections, one 
for each substrate used. Due to the large body of data produced for the adsorption 
studies, only a representative selection of primary data will be presented in figures and 
tables, while the rest of the data will be recalled on the text. For each adsorption study 
Langmuir, Temkin and Freundlich were used to test the data calculating and comparing 
the relative coefficient of determination R^.
7.4.2.2 Resin Adsorbed on As Received HDGSOl
Seven different solutions were prepared for the fully formulated resin, whose 
concentrations are listed in Table 7.8; the surface composition determined for each 
adsorption sample is also given in Table 7.8.
The C ls corelines were peak-fitted (an example given in Figure 7.19). The same 
components used for the fitting of the reference material (section 7.22) were used; their
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energies and relative intensities were consistent with the values observed for the 
reference material. The fitting of the adsorption specimens required the use of an 
additional component, binding energy 290.4 eV; this component has been assigned to 
carbonate [115].
T able 7.8 Surface composition (at.%) of the as received HDGSOl with resin adsorbed.
C oncentration
(g/L) C O AI
Z n N Ca Na
5 3&0 4Z7 11.5 5.9 1.1 0.3 0.5
2 44 .0 10.2 5.4 0.7 0.1 0.4
0 . 2 4T3 41 .0 10.2 4.0 0.7 0.2 0.6
2.0 X 10-2 2 T 0 5Œ2 12.3 8 . 6 1.3 0.2 0.5
4.0 X 10-4 21.0 54.4 13.8 8.4 1.0 0.2 1.2
8.0 X 10-6 21.0 54.4 13.6 9.1 1.0 0.3 0.6
1.6 X 10-'/ 25^ 51.9 11.2 7.9 1.3 0.4 0 . 8
R eference
Substrate
30.0 4&4 11.4 6.6 1.1 0.3 0.7
Aliphatic0 0C -C H 3
I G -0 -C =0
Aromatic
C -0 -C = 0
Carbonate
C-O-GG =0
Binding Energy (eV)
Figure 7.9 C ls  peak-fitting of the resin adsorbed on as received HDGSOl (concentration of the solution 
adsorbed of 5 g/L).
Carbon surface concentration was used to follow the adsorption of the resin, as 
wells as the aromatic component of the fitting (Figure 7.10). The shape of two curves, 
surface concentration (at.%) as function of the solution concentration (g/L), are very 
close in shape, both showing a plateau starting at 0.2 g/L.
Langmuii', Temkin and Freundlich models were used to test the data. The results 
of the tests (Table 7.9) show that both for the carbon and the aromatic component the
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Langmuir isotherm is the one that fits better the data. This indicates equivalent 
adsorption sites and the formation of a monolayer on the as received HDGSOl surface.
C oncen tra tion  (g/L)
Aromatic
C oncen tra tion  (g/L)
Figure 7.10 Surface concentration (at.%) of the samples as function of the solution concentration (g/L) 
adsorbed on as received HDGSOl. The surface concentration of the carbon (left) and of one of its 
component, the aromatic peak (right), were used to follow the resin adsorption.
Table 7.9 Coefficient of determination of the different isotherm models employed to test the
Carbon Aromatic
Langmuir 0.9998 0 .9902
Temkin 0.6041 0 .6824
Freundlich 0 .6010 0.6560
ToF-SIMS was also employed to follow the adsorption of the resin by studying 
some of the peaks characteristic of the resin listed in Tables 7.3 and 7.4. It was found 
that the Langmuir model was the best fit for all the various peaks considered, indicating 
the formation of a monolayer, as suggested by XPS data. Mass selected images were 
also employed to study the adsorption of the resin. As shown in Figure 7.11, mass 
(Figure 7.11 a and b) and image overlays (Figure 7.11 c and d) were employed to study 
the resin distribution over the HDGS surface. The overlays are particularly useful since 
they allow to visualise the distribution of the resin (C14H 11O2') in the regions richer in 
aluminium (in red) and richer in zinc (in green). The clear distinction between 
aluminium rich regions and zinc regions that typifies the surface chemistry of the as 
received HDGSOl can be observed. The resin (blue signal) appears to be distributed 
uniformly on the surface, both when high (2 g/L) and low concentrations (8.0 x 10'  ^
g/L) were used.
High mass resolution spectra were reconstructed for the two different regions of 
the as received HDGSOl surface of each sample. Following the same data analysis 
procedure for the data extrapolated for the two regions, i.e. peak identification and
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calculation of RPI, it was possible to differentiate the adsorption of the resin in the two 
regions (Figure 7.12).
Figure 7.11 ToF SIMS image analysis of resin adsorbed on as received HDGSOl. a) and b) C 1 4 H1 1 O2' 
images of the samples prepared employing solution concentrations of 2 and 8.0 x 10-6 g/L; c) and d) the 
respective overlays of Ci4 Hn 0 2 ' (blue), AlO" (red) and ZnOH (green) images .
»
71 u
117uC»H;0
2IluCnHiiO^-
i n u C , H , o /
Figure 7.12 RPI as function of the solution concentration in aluminium rich regions (red) and zinc rich 
regions (green).
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The adsorption curves relative to the two regions are very similar, with almost 
identical plateau levels. As can be seen in Figure 7.12, alongside fragments originating 
from the bisphenol A, are fragments originating from the acrylic groups present in the 
resin, C3H2O2' (71) and C5H3O3 (111) [132]; these were studied to ensure that the two 
different chemical groups present in the resin followed the same adsorption pattern in 
the two regions. As for the previous data, the Langmuir isotherm is the one that fits 
better the results, both for aluminium and zinc rich regions.
7.4.2.3 Resin on NaOH Cleaned HDGSOl
The same set of solutions used for the adsorption on as received HDGSOl, 
whose concentrations (g/L) are listed in Table 7.10, was employed for the adsorption 
study of the resin on the surface of NaOH cleaned HDGSOL For each sample, the 
surface composition was obtained (Table 7.10).
Table 7.10 Surface composition (at.%) of NaOH cleaned HDGSOl with resin adsorbed.
Concentration
(g/L) C 0
A1 Zn Fe N Cl Na
5 4&5 38.2 1.0 10.2 0.9 - - 1.3
2 38A 43.6 - 14.8 0 . 8 - - 2.4
0 . 2 3L7 44.2 - 14.9 0.7 - - 2.4
2.0 X 10-2 40.7 40.5 1.2 15.1 - 0.6 0.2 1.9
4.0 X 10-4 329 43T 0.7 19.1 - 0.7 0.4 3.2
8.0 X 10-6 3L3 45.0 0.9 19.2 - 0.7 0.7 2 . 8
1.6 X 10"^ 31.7 45.1 - 19.6 - 0.7 0.7 2.7
Reference
Substrate 41.0
41.0 1.2 13.9 0 . 8 - 2 . 2
no element observed
The C ls core signal was peak-fitted (Figure 7.13) employing the set of peaks 
established from the analysis of the raw material. As for the fitting of the resin adsorbed 
on as received HDGSOl, and the use of an additional peak, at binding energy 290.5 eV, 
was necessary to achieve a good quality peak fitting. This peak has been assigned to 
carbonate [115].
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The aromatic component has been selected to study the adsorption of the resin. 
As shown in Figure 7.14, carbon and aromatic relative coverage curves (at% as a 
function of the solution concentration) have a similar shape, with the presence of a 
plateau in the coverage curves.
.OOE+03
.OOE+03
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.OOE+03
C -0-C =0 00C -C H 3
AromaticC -0-C =0Carbonate
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Binding E nergy (eV)
Figure 7.13 C ls peak-fitting of the resin on NaOH cleaned HDGSOl.
C oncen tra tion  (g/L) C oncen tra tion  (g/L)
Figure 7.14 Surface concentration (at.%) of the samples as function of the solution concentration (g/L) 
adsorbed on NaOH cleaned HDGSOl. The surface concentration of the carbon (left) and of one of its 
component, the aromatic peak (right), were used to follow the resin adsorption.
Langmuu, Temkin and Freundlich models were used to test the data. The results 
of the tests (Table 7.11) show that both for the carbon and the aromatic component the 
Langmuir isotherm is the one that fits better the data, indicating the equivalence of the 
adsorption sites and the formation of a resin monolayer.
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Table 7.11 Coefficient of determination of the different isotherm models employed to test the
Carbon Arom atic
Langmuir 0.9903 0 .9984
Temkin 0 .6852 0 .6824
Freundlich 0.7291 0.3390
The adsorption of the resin on NaOH cleaned HDGSOl was studied by ToF- 
SIMS following the variation in intensity of peaks characteristic of the resin (Tables 7.3 
and 7.4) in function of the concentration of the solutions of resin. In Figure 7.15 three 
examples of ToF-SIMS adsorption curves are shown. All the three curves are 
characterised by a plateau, which starts at the third highest concentration, equals to 0 . 2  
g/L. The Langmuir isotherm is the one that fits better these data, i.e. closer to one 
than the other models, indicating as the XPS data the formation of a resin monolayer on 
the NaOH cleaned HDGSOl surface.
0,008 ♦  211 # 1 3 3  A 155
0,007
0,006
0,005
è  0,004
0,003
0,002
0,001 ,
Concentration (g/L)
Figure 7.15 RPI as function of the solution concentration for three characteristic fragments originate from 
the resin, two negative (211 u and 133 u) and one positive (165 u), with NaOH cleaned HDGSO as 
substrate. Precise mass and structure of the three fragments are given in Tables 7.3 and 7.4.
7.4.2.4 EB 171 on As Received HDGSOl
Nine solutions were prepared to study the adsorption of the EB 171, a 
phosphorus based adhesion promoter. The surface composition of each sample is given 
in Table 7.12.
Phosphorus was used as marker of the EB 171, and its elemental surface 
concentration was used to follow the adsorption of the adhesion promoter. The variation 
of phosphorus surface concentration (Table 7.12) as function of the solution
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concentration is shown in Figure 7.16, as well as the variations of zinc and aluminium 
surface concentrations. The shape of phosphorus and aluminium curves are very similar, 
both increase increasing the solution concentration, and both reach a plateau at 4 x 10'  ^
g/L, while the zinc curve show a reduction of zinc surface concentration increasing the 
solution concentration.
Table 7.12 Surface concentration (at.%) of as received HDGSOl with adsorbed EB 171
C oncentration
(g/L )
C O A1 Z n N P N a
10 1Z9 60.8 15 6.0 0.6 4.7 -
5 14.7 60.8 15 5.0 0.4 4.1 -
1 17.3 59A 15 4.6 0.6 3.8 -
2.0 X  10'^ 19.7 5 8 3 14.3 3.8 0.7 3.3 -
4 .0  X 10'^ 19^ 5 7 3 14.5 4.9 0.6 2.8 -
Z 0 x l& 3 2 6 J 50.4 11.4 8.4 1.1 1.4 0.3
4 .0  X 10"* 2 6 3 4& 6 11.4 10.3 1.2 0.9 1.0
8T )x lO ^ 3 L 4 44.3 9.7 8.8 1.2 0.6 1.1
1.6 x 1 0 '^ 38.0 4 2 3 9.8 7.6 1.0 0.6 0.8
R eference
Substrate
30.0 4 ^ 9 11.4 6.6 1.1 0.3 0.7
no elem ent observed
♦ Aluminium
c o n c e n tra tio nc o n c e n t r a t io n
Figure 7.16 Surface concentration (at.%) of zinc and aluminium (left) and phosphorus (right) as function 
of the solution concentration (g/L) of EB 171 adsorbed on as received HDGSOl.
Langmuir, Temkin and Freundlich isotherms were used to study the adsorption 
of the adhesion promoter; as shown in Table 7.13, the Langmuh isotherm is the one to 
better fit the data, indicating that the adsorption of the adhesion promoter takes place to 
equivalent adsorption sites, leading to the formation of a monolayer.
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Table 7.13 Coefficient of determination of the various isotherm models employed to test the
Langm uir Temkin Freundlich
0.9958 0.9553 0.9751
High resolution spectra were acquired for zinc and aluminium, and then peak- 
fitted. The fits o f A12p and Zn2 p3/2 peaks conducted in Chapter 4 were used as reference 
to fit the peaks of this set of samples, employing the same ranges of values for the 
binding energy and the FWHM of each component. The fits of A12p peaks always 
required the use of two components, one attributed to the aluminium oxide and one 
attributed to the metallic aluminium; no relevant differences in peak shape were 
observed comparing the various samples with the reference substrate.
The shape of the Zn2 p3/2 peaks varies from sample to sample. As it can be 
observed in Figure 7.17 a, the peak relative to the most concentrate solution adsorbed 
on as received HDGSOl (10 g/L) is asymmetric, with a feature on the right-hand side of 
the peak; as shown in the same figure, this feature, and the consequent asymmetry 
reduces moving to samples prepared with less concentrated solutions.
10 g/L
1.6x10-5 g/L
1030 1029 1028 1027 1026 1025 1024 1023 1022 1021 1020 1019 1018 1017 1016 1015
Binding Energy (eV)
.Oxide
Metal
Phosphate
Binding E n e rg y  (eV)
Figure 7.17 (a) Comparison of Zn 2 p3 / 2  peaks relative to the most concentrate (10 g/L) and most dilute 
solution (1.6 X 10  ^g/L) absorbed on as received HDGSOL (b) Peak-fitting of the Zn2 p3 / 2  peak (1 g/L ).
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The Zn2 p3/2 signal was peak-fitted (Figure 7.17 b) to elucidate the nature of the 
observed shape. Three components were employed to fit the Zn2 p3/2 peaks instead of 
the two (oxide and metallic zinc) requked to fit the reference substrate Zn2 p3/2 signal. 
The additional component employed in the fitting, 1019.5 eV, has been assigned to zinc 
phosphate [115]. The peak fits of the Zn2 p3/2 clearly show that the adhesion promoter 
not only is adsorbed, but also that it reacts with the substrate.
The adsorption of the EB171 was studied employing ToF-SIMS by following 
the intensity of several peaks containing phosphorus (Tables 7.5 and 7.6) as function of 
the solution concentration (not shown). All the data indicate the formation of a 
monolayer, with the Langmuir isotherm being the model that best fits the results.
ToF-SIMS images were acquired for all the samples. In Figure 7.18 the some 
images acquired in positive mode are shown in term of signal relative to the adhesion 
promoter, which was obtained summing P^, PH^ and PO^ images, AL, Zn"^  and Zn^/AP 
overlay (Zn"^  in green and AP in red). All the images shown were normalised by 
dividing them the total ion image. The analysis of the data acquired in negative polarity 
shows the same results, for this reason only the data in positive polarity are shown.
10 g/L 5 g/L 2.0 X i m  g/L 4.0 X 10-2 g/L 2.0 X 10^ 3 g/L
Zn+
Over-
1
Figure 7.18 ToF-SIMS positive ion images of EB 171 adsorbed on as received HDGSOl. The image 
relative to the EB 171 (top row) is given by the sum of P \  PH^ and PO  ^ion images. In the bottom row the 
overlays of AP (red) and Zn"*" (green) images. FOV 500 x 500 pm .^
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EB 171 distribution appear to be quite uniform at high solution concentrations, 
whereas at 2.0 x 10'  ^ g/L it is possible to notice the presence of regions where the signal 
attributed to the EB 17lis stronger. For each sample, a good correlation between EB 
171 distribution and zinc distribution can be noticed.
Aluminium/zinc overlays (Figure 7.18 bottom row) reveal that the distinetion 
between aluminium rich regions and zinc rich regions is lost at high concentrations of 
adhesion promoter in the solution, indicating that during the adsorption process the 
HDGSOl surface chemistry was modified. For solution concentration of 2.0 x 10’^  g/L 
or less, the distinction aluminium /zinc can be observed again.
7.4.2,5 EB 171 on NaOH Cleaned HDGSOl
Nine solutions were prepared to study the adsorption of EB 171 on NaOH 
cleaned HDGSOl, whose concentrations are listed in Table 7.14, alongside the surface 
composition of each sample. An unexpected amount of aluminium when the NaOH 
cleaned HDGSOl was exposed to higher concentration solutions was observed (Table 
7.14).
Table 7.14 Surface concentration (at.%) of NaOH cleaned HDGSOl with adsorbed EB 171.
C oncentration
(g/L)
C 0 A1 Z n N P N a Cl Fe
10 2 7 . 7 50.2 9.3 8.6 0 . 4 3.8 - - -
5 1 7 . 4 56.4 11.0 10.6 0 . 5 4 . 2 - - -
1 1 9 . 0 56.3 12.1 9 . 1 0 . 4 2 . 9 0 . 3 - -
2.0  X 10 ^ 23 .4 52.5 9 . 1 1 0 . 7 0.6 2.8 1.0 - -
A O x l f r Z 2 L 6 46.0 2 . 7 24.5 0 . 4 2.2 1.6 - 0 . 9
2 . 0  X 1 0 '^ 30.3 42.8 0 . 9 2 1 . 7 0 . 5 0.6 2.3 - 1.0
4 . 0  X 10"^ 28.5 42.5 1.8 22.3 0 . 4 0 . 7 2 . 7 0.2 1.0
f r O x l f r S 29T 43.7 - 23.0 0 . 7 - 2.1 - 1 . 5
1.6 X 1 0 '^ 36.8 36.4 0.8 2 1 . 9 0.5 - 2.0 0 . 7 0 . 9
R eference
Substrate
4 1 . 0 4 1 . 0 1.2 13.9 - - 2.2 - 0.8
no element observed
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Aluminium surface concentration increased with the solution concentrations, 
while the zinc surface concentration decreased, as it can be observed in Figure 7.19. 
Strong differences in surface composition can be observed moving from the solution of 
2.0 X 10^ g/L concentration to the solution of 4.0 x 10'^ g/L concentration. Phosphorus 
surface concentration was used to follow the adsorption of the adhesion promoter 
(Figure 7.19); these values were tested against Langmuir, Temkin and Freundlich 
isotherms (Table. 7.15), with the Langmuir isotherm being the best fit. This indicates 
the formation of a monolayer of EB 171 on the surface of the NaOH cleaned HGSOl, 
and the equivalence of the various adsorption sites. High resolution spectra were 
acquired for zinc and aluminium, and then peak-fitted. The some features described for 
the previous set of samples (as received HDGSOl as substrate) were observed for the 
Zn2 p3/2 peaks, with the use of three components required to achieve a satisfactory peak- 
fitting.
3 0  1 
2 5  
20
10  - 
5  - 
0
♦  Alum inium  
■ Zinc
2  3
concentration  (g/L) concen tration  (g/L)
Figure 7.19 Surface concentration (at.%) of zinc and aluminium (left) and phosphorus (right) as function 
of the solution concentration (g/L) of EB 171 adsorbed on NaOH cleaned HDGSOL
Table 7.15 Coefficient of determination of the various isotherm models employed to test the
Langmuir Temkin Freundlich
0.9923 0.8652 0.8298
The adsorption of the EB 171 was studied employing ToF-SIMS by following 
the intensity of several peaks containing phosphorus (Tables 7.5 and 7.6) as function of 
the solution concentration. All the data indicate monolayer coverage (two examples 
given in Figure 7.20), with the Langmuir isotherm being the model that best fits the 
results, as well as the equivalence of the various adsorption sites present on the substrate 
surface.
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Figure 7.20 RPI as a function of the concentration (g/L) of the adsorption solutions. An example of 
positive (POp and negative ion (PO3  ) is given.
ToF-SIMS images were acquired for all the samples in order to study the 
distribution of the adhesion promoter adsorbed and the surface chemistry of the 
substrate (Figure 7.21).
4.0x10-2 g/L2 .0x10 4.Ox 10
m m m M M
' ' m
- I
Æ '
i S f i s
Over-
Figure 7.21 ToF-SIMS positive ion images of EB 171 adsorbed on NaOH cleaned HDGSOL The image 
relative to the EB 171 (top row) is given by the sum of P \  PH  ^and PO  ^ion images. In the bottom row the 
overlays of AL (red) and Zn'*' (green) images. FOV 500 x 500 pm .^
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The sum of the P^, PH^ and PO^ images was used for the adhesion promoter, AP 
image, Zn"*" image and Zn'^^AP overlay (Zn'^ in green and A P in red) were used to study 
the substrate. All the images shown were normalised by dividing them individually for 
the total ion image.
EB 171 distribution appears to be quite uniform at each concentration, and it is 
not possible to observe any correlation with zinc or aluminium distribution.
A strong presence of aluminium can be observed for high concentration of EB 
171 used (2.0 x 10'  ^ g/L or more), while moving to lower concentration the aluminium 
can be observed only in few spots of the images. A strong zinc signal is observed for all 
the samples.
7.4.2.6 EB 168 on As Received HDGSOl
In order to study the adsorption of EB 168, one of the two adhesion promoters 
included in the PMOOl formulation, nine solutions were prepared (Table 7.16).
Table 7.16 Surface concentration (at.%) of as received HDGSOl with adsorbed EB 168
Concentration
(g/L) C O AI Zn N P Na
10 16.8 60.1 13.3 4.6 0.7 4.6 -
5 17.2 59.4 13.7 4.9 0.6 4.2 -
1 20.8 57.5 13.6 3.5 1.1 3.5 -
2.0 X 10'^ 19.7 58.4 12.8 4.4 0.7 4.0 -
4.0 X 10-2 24.0 55.6 12.6 3.7 1.2 2.8 -
4.0 X 10-2 24.3 52.1 10.8 9.6 1.5 1.1 0.6
8.0 X 10-4 24.3 52.0 11.4 9.5 1.2 0.6 1.0
1.6x10-4 27.1 48.9 11.1 10.4 1.1 0.7 0.7
3.2x10-2 26.5 49.8 11.0 9.9 1.5 0.6 0.7
Reference
Substrate 30.0 49.9 11.4 6.6 1.1 0.3 0.7
no element observed
The surface elemental composition was determined for all the samples by XPS 
analysis (Table 7.16). The variation of surface concentration of phosphorus, zinc and
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aluminium as function of the solution concentration of the EB 168 solutions. 
Phosphorus was used as marker of the adhesion promoter, while aluminium and zinc as
markers of the substrate.
Aluminium and zinc relative curves (Figure 7.22) showed a complementary 
trend, with an increase of aluminium and a decrease of zinc concentration increasing the 
solution concentration; the variation for both in aluminium and zinc is significant, with 
a difference between minimum and maximum concentrations of ~ 3 at.% for the 
aluminium and ~ 6 at.% for the zinc.
Phosphorus surface concentration increases with the solution concentration 
(Figure 7.22), reaching a plateau after the value of 1 g/L. The best fit of these data was 
obtained using the Langmuir isotherm (Table 7.16), indicating that the adsorption sites 
in the substrate are equivalent, and that the adsorption of adhesion promoter leads to the 
formation of a monolayer.
► Aluminium
C o n c en tra tio n  (g/L) C o n c en tra tio n  (g/L)
Figure 7.22 Surface concentration (at.%) of the samples as function of the solution concentration (g/L) of 
EB 168 adsorbed on as received HDGSOl.
Table 7.17 Coefficient of determination of the various isotherm models employed to test the
Langmuir Temkin Freundlich
0.9977 0.9294 0.9226
High resolution spectra were acquired for aluminium and zinc. As for the EB 
171 adsorption series, aluminium spectra do not show any difference with the peak 
observed for the reference substrate, while the zinc peaks did.
The fitting of Zn2p3/2 peaks required the used of three components, one relative 
to zinc oxide, one relative to metallic zinc, components observed in the as received 
HDGSOl, and one assigned to zinc phosphate [115]. The presence of this third 
component, at ~ 1019.5 eV, leads to the presence of a broadening on the right side of 
the Zn2 p3/2 peaks, indicating a reaction between the adhesion promoter and the
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substrate; as shown in Figure 7.23, this feature decreases on going from high 
concentration to low concentration values of solution used for the adsorption of the 
adhesion promoter.
10 g/L
3.2 X 10-5 g/L
1030 1029 1028 1027 1026 1025 1024 1023 1022 1021 1020 1019 1018 1017 1016 1015 
Binding Energy (eV)
Figure 7.23 Comparison of Zn 2p3/2 peaks relative to the most concentrate (10 g/L) and most dilute 
solution (3.2 x 10' g/L) of EB 168 absorbed on as received HDGSOL
The adsorption of the EB 168 was also studied employing ToF-SIMS by 
following the intensity of several peaks containing phosphorus (Tables 7.5 and 7.6) as 
function of the solution concentration. All the data indicate the formation of a 
monolayer, with the Langmuir isotherm being the model that best fits the results (data 
not shown).
ToF-SIMS images were acqufred for all the samples with EB 168 adsorbed. In 
Figure 7.24 a selection of the images acquired in positive mode is presented; the signal 
relative to the adhesion promoter was obtained summing P^, PH'*' and PO'*'images, Afr, 
Zn"^  and Zn^/AL overlay (Zn'*' in green and Afr in red) were used for the substrate. All 
the images shown were normalised by dividing them individually for the total ion image.
EB 168 distribution appears to be quite uniform for all the samples but for the 
one prepared using the 10 g/L solution, where it is possible to observe the presence of 
regions where the signal attributed to the adhesion promoter is stronger. This image 
shows a quite good correlation with the correspondent zinc image. No correlation with 
either aluminium or zinc is observed at the other concentration levels.
As for the EB 171, aluminium/zinc overlays (Figure 7.18 bottom row) reveal 
that the distinction between aluminium rich regions and zinc rich regions is lost for high 
concentration of adhesion promoter in the solution, indicating that during the adsorption 
process the surface chemistry of the as received HDGSOl was modified. For solution 
concentration of 4.0 x 10'^ g/L or less, a distinction between aluminium and zinc
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behavoiur can be observed again. The analysis of the data acquired in negative polarity 
shows the same results, for this reason only the data in positive polarity are shown.
For each adsorption a fresh substrate was employed; the differences in 
topography observed for the various samples are due to the un-homogeneity of the 
HDGS surface.
10 g/L 5 g/L 4.0x10-3 g/L 1.6 X10-4 L g/L
^15
Figure 7.24 ToF-SIMS positive ion images of EB 168 adsorbed on as received HDGSOl. The image 
relative to the EB 171(top row) is given by the sum of P \  PH  ^and PO^ ion images. In the bottom row the 
overlays of AT (red) and Zn"^  (green) images. FOV 500 x 500 pm .^
7.4.2.7 EB 168 on NaOH Cleaned HDGSOl
Nine solutions were prepared to study the adsorption of EB 168 on NaOH 
cleaned HDGSOl, whose concentrations are listed in Table 7.18. As for the EB 171, an 
unexpected amount of aluminium is observed for high solution concentrations (Table 
7.18). At concentration of 2.0 x 10'^  g/L or above the aluminium amount detected is 
much higher than the reference substrate, white the zinc is lower; at 4.0 x 10'  ^ g/L or 
lower the aluminium concentration returns to the level of the reference substrate, while 
the zinc reaches higher values.
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Table 7.18 Surface concentration (at.%) of NaOH cleaned HDGSOl with adsorbed EB168.
c O A1 Zn N P Fe Na Concentration(S/L)
17.0 57.0 10.6 8.1 1.0 5.0 - 0.3 10
18.3 5&6 11.4 8.5 0.6 4.1 - 0.5 1
21.4 526 8.8 11.5 0.9 3.6 - 1.2 2.0 X 10 *
25.8 45.7 3.0 19.2 1.2 2.4 0.7 2.0 4.0 X 10'^
2&0 4T8 1.3 2T0 0.8 0.8 0.8 3.3 4 .0  x 10'^
30.7 40.3 1.3 227 0.8 0.5 0.7 2.9 8.0 X 10"*
31.6 3&6 1.4 223 0.7 - 0.8 26 1.6 X 10"*
3Z7 3&6 1.4 224 0.6 - 0.9 2.3 3.2 X 10 ^
41 .0 41 .0 1.2 13.9 - - 0.8 22 ReferenceSubstrate
no elem ent observed
Phosphorus surface concentration was used to follow the adsorption of the 
adhesion promoter (Figure 7,25); the model to fit better the data was the Langmuir 
isotherm (Table 7.19).
► Aluminium
C o n c e n tra tio n  (g/L) C o n c e n tra tio n  (g/L)
Figure 7.25 Surface concentration (at.%) of zinc and aluminium (left) and phosphorus (right)as function 
of the solution concentration (g/L) of EB 168 adsorbed on NaOH cleaned HDGSOL
T able 7.19 Coefficient of determination of the various isotherm models employed to test the 
adsorption data (phosphorus surface concentration) relative to the EB168 on NaOH cleaned HDGSOL
Langmuir Temkin Freundlich
0.9958 0.9729 0.9564
High resolution spectra were acquired for zinc and then peak-fitted. The same 
features described for the previous set of samples (as received HDGSOl as substrate) 
were observed for the Zn2 p3/2 peaks, with the use of three components required to 
achieve a satisfactory peak-fitting, and the consequent presence of a minor component
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on the lower bonding energy of the peak whose incidence decreases moving from high 
to low solution concentrations.
The adsorption of the EB 171 was studied employing ToF-SIMS by following 
the intensity of several peaks containing phosphorus (Tables 7.5 and 7.6) as function of 
the solution concentration. All the data indicate monolayer coverage, with the Langmuir 
isotherm being the model that best fits the results. ToF-SIMS images were also obtained 
(Figure 7.26).
10 g/L 1 g/L 4.0x10-2 g/L
t S i
lay
Figure 7.26 ToF-SIMS positive ion images of EB 168 adsorbed on NaOH cleaned HDGSOl. The image 
relative to the EB 171 (top row) is given by the sum of P% PH  ^and PO  ^ion images. In the bottom row the 
overlays of AT (red) and Zn  ^(gieen) images. FOV 500 x 500 pm .^
ToF-SIMS selected images (Figure 7.26) revealed a quite strong presence of 
aluminium when high solution concentrations were used, while for low concentrations 
the aluminium can be observed only in few regions of the images, as expected from the 
study of the substrate.
The signal attributed to EB 168 adsorption (obtained summing P^, PH^ and PO^ 
images), shows a quite uniform distribution of the adhesion promoter on the NaOH 
cleaned surface.
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7.4.3 Discussion
The adsorption of the epoxy-acrylate resin and of the two adhesion promoters 
included into the formulation of the PMOOl, the UV-cured coating used to test the 
adhesion properties of various HDGS panels, have been studied.
Firstly attention has been focused on the adsorption of the formulated resin. 
Both XPS and ToF-SIMS data indicate that the resin was adsorbed in the two chosen 
substrates.
Analysing the XPS data relative to the surface composition of the various 
samples with adsorbed resin (Table 7.8 for the as received HDGSOl as substrate, and 
Table 7.10 for the NaOH cleaned HDGSOl as substrate) it can be noticed that, for low 
solution concentrations, the level of carbon is lower in the samples were the resin was 
adsorbed than in the reference substrates. This indicates that the adsorbed material 
replaces the contamination layer present on the substrate surface [83]. A lower carbon 
level than in the reference substrate suggests that the adsorbed layer, for low solution 
concentrations, is thinner than the contamination layer and the former displaces the 
latter on adsorption. Looking at Table 7.8 it can be noticed that the change of Zn surface 
concentration is greater than for Al; this is due to the lower escape depths of ZnZps/z 
electrons, which are more affected from the presence of the resin layer, i.e. less Zn2 p3/2 
electrons arrive to the detector.
Regarding the adsorption of the resin on as received HDGSOl, XPS and ToF- 
SIMS data indicate that the adsorption of the resin leads to the formation of a monolayer 
on the metal substrate. Langmuir, Temkin and Freundlich isotherms were always used 
to test the data, with the Langmuir isotherm consistently giving the best fit (Table 7.10). 
An example of how the various data were tested against the three adsorption models is 
given in Figure 7.xx. This result is consistent with previous adsorption studies of 
organic systems based on bisphenol A, the same molecules the resin studied is based on, 
that have always shown the formation of a monolayer by these systems [123, 128].
One of the assumptions of the Langmuir model is that all the adsorption sites o f the 
substrate are equivalent. Since the surface of the HDGSOl is characterised by the 
presence of two well distinct regions, aluminium rich regions and zinc rich regions, this 
implies that the adsorption of the resin is equivalent in the two regions of the surface.
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In order to verify this hypothesis, the adsorption on the two regions has been studied 
separately. This has been achieved extracting mass spectra from specific regions of the 
ToF-SIMS images acquired for each sample. The adsorption data relative to the two 
regions (Figure 7.12) reveal a very similar pattern for the two regions, with the various 
curves having the same shape and the same plateau level in the two regions, both for 
fragments characteristic of the bisphenol A and of the acrylic group, indicating a similar 
adsorption of the two parts of the resin on the two regions that typify the HDGS surface. 
Since it has been observed that the study of these two classes of fragments leads to the 
same observations, the attention has been focused only in the bisphenol A fragments.
P hosphonjs-Langm uir
2,5
♦  Phosphorus-Langmu
C oncentration (g/L)
Temkin - Phosphorus
♦  Temkin-Phosphorus
In concentra tion
Freundlich- Phosphorus
in  concentra tion
Figure 7.27 Adsorption isothers of the EB168 over the as received HDGSOl. The phosphorus surface 
concentration obtained by XPS has been used as marker of the adhesion promoter.
No significant differences can be observed between aluminium rich regions and 
zinc rich regions. For this reason, moving from the as received to the NaOH cleaned 
HDGSOl, which is essentially characterised only by zinc rich regions, the adsorption of 
the resin should lead to the same results. Looking at the data obtained for the NaOH 
cleaned HDGSOl, this hypothesis is confirmed.
As for the as received HDGSOl, the resin adsorption leads to the formation of a 
monolayer on the substrate surface, with the Langmuir isotherm being the best fit for 
XPS and ToF-SlMS data. Comparing the adsorption curves relative to the two
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substrates (Figures 7.10 and 7.13 for XPS data, Figures 7.14 and 7.15 for ToF-SIMS 
data) it can be seen that the curves have similar shapes and plateau levels, indicating 
that the maximum uptake of resin is very close for the two substrates.
The adsorption of the resin does not induce any modification in both substrates. 
The XPS high resolution spectra of zinc and aluminium do not show any difference 
with the core hnes of the reference substrates. ToF-SlMS images acquired revealed that 
the original surface chemistry of the two substrates was not modified, with distinction 
of aluminium rich regions and zinc rich regions for samples with the as received 
HDGSOl as substrate and a surface with a strong presence of zinc oxide with almost no 
aluminium in case of NaOH cleaned HDGSOl.
Since no differences to explain the different adhesion properties exhibited by the 
two substrates have been found studying the adsoqption of the epoxy-acrylate resin, i.e. 
differences in the aluminium rich regions and in the zinc rich regions, the kdsorption of 
the two adhesion promoters, both based on phosphorus compounds, has been 
investigated. The adhesion promoters are included into UV-cured coating formulation to 
improve the adhesion of the coating with the resin by forming a layer on the metal 
substrates.
As seen in the study of the reference materials, the two adhesion promoters are 
very similar. The data obtained for the two adhesion promoters reveal many similarities 
between the two components; for this reason they will be discussed together, pointing 
out the differences as and when necessary. This consideration is quite important, since it 
indicates that the choice to include both adhesion promoters in the PMOOl formulation 
is mostly given by empirical consideration more than a scientific investigation to 
evaluate their effective influence on the final coating.
Both XPS and ToF-SlMS data relative to the adsorption on as received HDGSOl 
indicate the formation of a monolayer on the surface, and that the adsorption sites are 
equivalent (Langmuir isotherm). The curves relative to the uptake as function of the 
solution concentration relative to the two adhesion promoters (Figures 7.16 and 7.22) 
are very similar. In both cases a plateau was reached for a solution concentration of 2.0 
X  1 0 "^  g/L, and the maximum uptake was very close for the two adhesion promoters. In 
the PMOOl formulation, the EB 168 is added at 5.51 wt.%, while the EB 171 is added at 
8.97 wt.%. Even if a precise comparison cannot be made between g/L and wt.%, all the 
data shown indicate that both adhesion promoters are added in excess in the PMOOl
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formulation. Using, as a reference, the results of these adsorption studies, the coating 
formulation could be varied, in order to optimise the amount of adhesion promoters 
added, since, as shown by Leadley et al [71], the addition of a component in strong 
excess may degrade the performance of the coating.
XPS and ToF-SIMS data indicate the formation of a monolayer for both 
adhesion promoters as for the adsorption of the epoxy-acrylate resin, but a more 
complex scenario exist in the case of the adsorption of the two adhesion promoters than 
for adsorption of the resin. Looking carefully at the ToF-SlMS images (Figures 7.18 
and 7.24) it can be noticed that the images attributed to the adhesion promoters and to 
the zinc present similar features. Even though the adhesion promoters are present in the 
whole image, a stronger signal is observed in correspondence of strong zinc presence. 
This correlation is more noticeable at high solution concentrations (> 4.0 x 10"^  g/L).
ToF-SlMS images also clearly indicate that the exposure of the as received 
HDGSOl to the solutions containing the adhesion promoters did not lead only to the 
adsorption of the chemicals they contained, but also to severe modification to the 
surface chemistry of the metal substrate. As shown in Figures 7.18 and 7.24, when the 
high solution concentrations were used, the distinction between aluminium rich regions 
and zinc rich regions, which typifies the as received HDGSOl, is lost. Looking at the 
various ToF-SlMS images the distinction between different regions can be noticed for 
solution concentrations of 10'  ^ g/L or less, suggesting that the modification induced by 
the two adhesion promoters are strongly dependent on the solution concentration, and 
consequently on the pH of the solutions. The role played by the pH in the interaction of 
a phosphoric solution with a metal substrate is very important, since bqsed on the pH of 
the solution different processes can take place [55].
Tables 7.14 and 7.19 show several differences in the surface composition o f the 
sample obtained using solution concentration of at least 4.0 x 10'^ g/L with the samples 
obtained using solution concentrations of 2.0-4.0 x 10'  ^ g/L. In the range of high 
concentrations (> 4.0 x 10'^ g/L) the surface concentration of the aluminium is higher 
than the one observed for the reference substrate, while the zinc surface concentration is 
lower; in the low concentration range (< 2.0-4.0 x 10'  ^ g/L) the aluminium surface 
concentration is at the level expected, while the zinc is observed at higher concentration. 
Looking at Figures 7.16 and 7.22 the anti-correlation between aluminium and zinc 
surface concentration can be clearly observed. Despite the acidic nature of the two
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adhesion promoters, working at low concentrations the solution pH is not acidic enough 
to promote significant modification to the HDGS substrate.
In order to elucidate the modifications induced to the surface chemistry of the as 
received HDGSOl, XPS high resolution spectra of zinc and aluminium were acquired 
for the various samples. The analysis of the aluminium peaks does not show any 
difference with the reference substrate, while analysing the Zn2 p3/2 peaks the presence 
of a feature on the right side of the peak can be noticed, whose intensity decreases 
moving to lower solution concentrations. By employing peak fitting, the presence of a 
component not observed in the reference has been used for the fittings; a binding energy 
of 1019.5 eV suggests that this component is a result of the formation of zinc phosphate 
[115]. The deposition/adsorption of a zinc phosphate layer would explain the 
observation of the new component on the XPS peaks, and the presence of a high amount 
of zinc on the very top layer of the surface (as shown by ToF-SIMS images).
For the samples where the distinction between aluminium rich regions and zinc 
rich regions was observed, mass spectra were extracted from the two regions and 
compared. The greatest difference between the two spectra is a general higher intensity 
of zinc peaks in the zinc rich regions than in aluminium rich regions, difference that is 
characteristic of the substrate (Figure 5.7).
Evans formulated the hypothesis that the dissolution of the oxide layer is 
essential before the phosphate can interact with the underneath metal [133]. Knowing 
that aluminium and zinc are soluble in a phosphate solution both in the metallic and in 
the oxide form [134], it can be proposed that the adhesion promoter dissolves the oxide 
layer present on the as received HDGSOl surface, and then both the adhesion promoter 
and the dissolved metals are deposited on the substrate surface. Studying the 
phosphating of aluminium alloys, Akhtar et a l  formulated the hypothesis that the 
phosphate solution etches the aluminium, as shown in Figure 7.28 [135]; the two acidic 
adhesion promoters etch the oxide layer (aluminium oxide plus zinc oxide) covering the 
HDGS at the same time.
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Figure 7.28 Schematic representation of the reactions induced by phosphate on aluminium [135].
The adhesion promoters present in excess in the solution, which does not react 
with the oxide layer, can penetrate into the zinc coating, underneath the oxide layer 
covering it, promoting the dissolution of part of the zinc metal, and the migration to the 
HDGS surface of the aluminium that is present in the boundary grains of the zinc 
coating [52]. This would explain why more aluminium is observed in the HDGSOl 
surface.
It is likely that when the adhesion promoters are present in low concentrations 
they only reacts with the substrate, specifically with the zinc oxide, forming zinc 
phosphate. When the adhesion promoters are added in higher quantity they start to 
dissolve the original oxide layer of the HDGS substrate (aluminium oxide plus zinc 
oxide), and then to promote the migration of the aluminium to the new surface. The 
interaction of the adhesion promoters with the HDGS surface follows three steps; 
dissolution of the original oxide layer, promotion of aluminium migration from the 
boundary grain to the HDGS surface and formation of the zinc phosphate. The 
dissolution of the oxide layer takes place only for fairly concentrated solutions, and so 
the migration of the aluminium from the boundary grains to the HDGS surface that 
requires the dissolution of the original oxide layer, while the formation of the zinc 
phosphate te does not depend on the solution concentration/pH.
The analysis of the data relative to the adsorption of the two adhesion promoters 
on the surface of the NaOH cleaned samples reveals a huge modification induced by 
these two chemicals on the surface chemistry of the substrate. Several similarities can
- 144-
be pointed out with the adsorption on as received HDGSOl, but also significant 
differences.
Looking at Tables 7.16 and 7.21 the presence of aluminium for the samples 
prepared using high concentration solution can be seen. The difference with the 
reference substrate is clearly evident, since the aluminium surface concentration passes 
from the 1.2 at.% observed for the reference substrate to concentrations higher than 10 
at.%. As for the samples were the as received HDGSOl was used as substrate, zinc and 
aluminium exhibit opposite trends, with the zinc surface concentration decreasing going 
to high adhesion promoter concentrations. ToF-SIMS images confirm a stronger 
presence of aluminium than expected; the aluminium is not observed only in few spots 
of the surface, like in the reference sample, but it is present in the whole surface 
alongside the zinc.
The maximum uptake recorded for NaOH cleaned HDGSOl (4.5 at.% 
phosphorus surface concentration), is extremely close to the value observed for the 
adsorption of the two adhesion promoters on the as received HDGSOl. This suggests 
that when the adsorption of the adhesion promoters takes place, the state of the as 
received and of the NaOH cleaned HDGS 01 is very similar, implying that a 
modification of those substrates occurs prior the adsorption of the adhesion promoters.
Another similarity between the two sets of samples is the influence induced by 
the adhesion promoters to the chemistry of aluminium and zinc. The high resolution 
aluminium spectra reveal no differences between the NaOH eleaned analysed on its 
own and with the two adhesion promoters adsorbed, while the zinc peaks reveal a fine 
structure on the lower end, in binding energy scale, of the peak, the intensity of which 
decreases on moving towards lower concentration of adsorbate. As for the samples 
using as received HDGSOl, the Zn2p3/2 peak-fittings suggest the presence of a new 
component, zinc phosphate, which was not observed for the substrate on its own. This 
indicates that the two adhesion promoters interact with the two substrates in a very 
similar manner, since the same feature, with the same scale, is observed in each case, 
reinforcing the hypothesis that at the moment of adsorption the surface chemistry of as 
received HDGSOl and NaOH cleaned HDGSOl are quite similar, much more than they 
are before exposure to the solutions of adhesion promoters.
The observation of a strong signal due to aluminium can be explained with the 
hypothesis formulated discussing the data relative to the adhesion promoters adsorbed
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on as received HDGSOl. The solution containing the adhesion promoters can promote 
the migration of the aluminium entrapped within the zinc coating [52], leading to an 
enrichment of aluminium in the substrate surface. In order to faeilitate this migration, it 
is likely that the zinc oxide layer is dissolved and then re-precipitated on the NaOH 
cleaned HDGSOl surface.
Despite the similarities between the samples based on as received and the 
samples based on NaOH eleaned HDGSOl, an important difference must be noted. For 
the samples based on as received HDGSOl, an important change in the surface 
composition, shown both by XPS and ToF-SIMS data, was noticed on moving from the 
solution of 4.0 x 10'^ g/L to the one of 2.0-4.0 x 10'^ g/L; for the sample based on 
NaOH cleaned samples, this point is at a higher concentration, since significant changes 
can be observed moving from the solution of 2.0 x 10'  ^ g/L to the one of 4.0 x 10'^ g/L. 
The fact that a higher number of adhesion promoter molecules are needed to produce 
modification in the surface of the NaOH cleaned sample could be due to the presence of 
a thieker oxide layer in this substrate than in the as received HDGSOl. As discussed 
above, the oxide layer has to be dissolved before the adhesion promoter particles can 
interact with the underneath metal coating and promote the surface migration of the 
aluminium.
The surface chemistry of the HDGSOl, both as received and NaOH cleaned, is 
drastically modified by the interaction with the two adhesion promoters, especially in 
the high concentration rarige.
In a real coating, the adhesion promoters are added in significant concentration, 
as shown in Table 7.1 for the PMOOl, however, from these experiment it cannot be 
concluded that this phenomena take place when the final organic coating is applied to 
the HDGS.
Two essential differences between the exposure of HDGS to a solution 
containing the adhesion promoter and the exposition of HDGS to the final organic 
coating have to be taken in account:
1. Several components are present in an organic coating, not a single one as in 
the solutions prepared for these adsorption studies. The various components 
could interact with the metal substrate at the same time, influencing the 
interactions of the other components.
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2. The adsorption studies have employed the use of liquid solutions with very 
low viscosity, which ensures that the kinetic of arrival of the adsorbate at the 
substrate is not rate hmiting. The viscosity o f an organic coating is extremely 
higher. Such difference in viscosity can influence all the processes involved 
since the mobility of the particles is highly reduced, and the lost of the 
adsorption/desorption equilibrium that takes places in case of adsorption 
from solution [89].
These two points will be clarified in the next sections of the chapter.
7.4.4 Conclusions
The interaction between three main components of an UV-cued coating with the 
as received HDGSOl (poor adhesion properties) and with the NaOH cleaned HDGSOl 
(good adhesion properties) has been studied by the use of adsorption isotherms.
The epoxy-acrylate resin forms a monolayer in both substrates. Using ToF- 
SIMS imaging, it has been possible to differentiate the adsorption on the different 
regions that typify the surface chemistry of as received HDGSOl. No differences have 
been found between aluminium rich regions and zinc rich regions, whose interaction 
with the epoxy-aerylate resin is almost equivalent. The adsorption of the resin did not 
induce any modification on the surface chemistry of the two substrates investigated.
The adsorption of the two adhesion promoters leads to the formation o f a 
phosphorous rich monolayer, whose exact chemistry is not clarified but likely to be 
zinc phosphate, in both substrates. In contrast to the resin, they indueed strong 
modifications on the surface chemistry of the two substrates, promoting the dissolution 
of the original oxide layer on the substrate surfaee is dissolved, and migration of 
aluminium from the zinc coating bulk to the HDGS surface is promoted. As result, the 
surface chemistry of as received HDGSOl loses the distinction between aluminium rich 
regions and zinc rich regions, while the surface chemistry of NaOH cleaned HDGSOl is 
strongly enriched in aluminium.
From thé results of this study, it can be coneluded that there is no need to add 
both adhesion promoters in the PMOOl formulation since their effects are very similar.
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Furthermore, the results suggest that the concentration of the adhesion promoter in the 
formulation can be reduced.
Z 5  Competitive Adsorption
7 .5 .1  i n t r o d u c t i o n
Adsorption studies of single components have been use to evaluate how three of 
the main components of the PMOOl interact with two selected substrates hut, in order to 
fully understand the interaction between multi-component systems, sueh as coil coatings, 
with a substrate, single adsorption studies do not give the complete picture of the 
coating/metal interaction.
Components of different chemical nature are included in a coating formulation; 
these components will interact with the substrates simultaneously. Based on this 
consideration, an adsorption study that employed the use of solutions containing more 
than one component, i.e. the epoxy-acrylate resin and one of the adhesion promoters 
(EB 171), has been designed, aiming to understand if the adsorption of these two 
components is influenced by the presence of the other. In the previous section it was 
shown that EB 171 and EB 168 are very similar; the choiee of the EB 171 instead of the 
EB 168 was made because of the larger supply of that component available.
As for the single adsorption specimen, as received and NaOH cleaned HDGSOl 
were employed as substrates. XPS and ToF-SIMS characterization was eonducted 
following the experimental parameters described in Chapter 3.
All the samples were prepared following the procedure described in section 7.3. 
Nine solutions were prepared, each containing two chemicals, the epoxy-acrylate resin 
and the EB 171; the resin solution was kept constant (10 g/L) while the concentration of 
the adhesion promoter was varied as indieated in Tables 7.20 and 7.22, with the most 
concentrate solution, in terms of EB171, reflecting the adhesion promoter/resin ratio 
used in the PMOOl formulation.
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7.5.2 Results
The surface compositions of the as received HDGSOl dipped on the nine 
solutions containing the epoxy-acrylate resin and the EB171 are given in Table 7.21. 
The variation of surface concentration of aluminium, zinc and phosphorus has been 
studied as function of the EB 171 concentration (Figure 7.29). Phosphorus, used as 
marker of the adhesion promoter, and aluminium surface concentrations increase with 
the concentration of the EB 171, while the zinc surface concentration decreases.
Phosphorus surface concentration values were tested against Langmuir, Temkin 
and Freundlich model; as shown in Table 7.21, the Langmuir isotherm is the one to fit 
better the data, indicating that even in presence of the resin the various adsorption sites 
are equivalent for the adsorption to the adhesion promoter.
Table 7.20 Surface concentration (at.%) of as received HDGSOl with the various adsorbed solutions.
EB 171 
Cone. (g/L) C O Zn A1 N P Ca Na
4 24.2 54.9 3.7 13.5 0.2 2.7 3 0.5
2 23.9 55.8 3.2 13.9 0.4 2.3 0.2 0.3
1 28.2 52.5 3.5 12.5 0.8 1.6 2.7 0.6
5.0 X 10-1 35.4 47.8 2.6 11.6 0.3 2.1 - 0.2
1.0 X 10-1 38.7 44.2 5.5 9.2 0.7 0.9 0.5 0.2
5.0 X 10-2 37.4 46.1 2.6 11.3 0.6 1.6 0.1 0.3
1.0 X 10-2 33.8 46 7.9 9.9 0.9 0.8 0.2 0.5
5.0 X 10-3 30.5 48.8 8.3 10.1 0.9 0.8 0.1 0.5
1.0 X 10-3 44 39.7 5.6 8.8 1.2 t r a c e s 0.2 0.6
Reference 39.9 41.9 6.6 10.4 1.1 - 0.3 0.7
no element observed
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Figure 7.29 Surface concentration (at.%) of zinc and aluminium (left) and phosphorus (right) as function 
of the solution concentration (g/L) of EB 171 adsorbed on as received HDGSOl.
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Table 7.21 Coefficient of determination R of the various isotherm models employed to test the
Langmuir Temkin Freundlich
0.9729 0.7917 0.8003
High resolution XPS were acquired for aluminium (A12p) and zinc (Znlps/z). 
Aluminium spectra did not show differences compared with the peak observed for the 
reference substrate, while the zinc peaks showed significant variation. The fitting of 
Zn2 p3/2 peaks required the used of three components, one relative to zinc oxide, one 
relative to metallic zinc, components observed in the as received HDGSOl, and one 
assigned to zinc phosphate [115], hke in case of the adsorption of the sole adhesion 
promoter (Figure 7.17b). The presence of this third component, at ~ 1019.5 eV, led to 
the presence of a feature on the lower binding energy of the Zn2 p3/2 peaks; as shown in 
Figure 7.30, this feature decreases going from high concentration to low concentration 
values of the adhesion promoter included in the solutions, like observed in the 
adsorption studies of the EB171.
4 g/L
I
1.0 X  10'3 g/L
1031 1 030  1029  1028  1027  1026  1025  1 0 2 4  1 023  1 022  1021 1020  1019  101 8  1017
Jinding E n erg y  (eV)
Figure 7.30 Comparison of Zn 2p3/2 peaks relative to the most concentrate (4 g/L) and most dilute 
solution (1.0 X 10'^  g/L), in terms of EB 171 concentration, absorbed on as received HDGSOL
The adsorption of the EB 171 and the resin was studied employing ToF-SIMS 
by following the intensity of several peaks characteristics of the two chemicals (Tables
7.3 and 7.4 for the resin fragments, 7.5 and 7.6 for the EB 171) as function of the 
solution concentration. In Figure 7.31 an example for the EB171 and one for the resin 
is given. As it can be observed, increasing the concentration of EB 171 in the solution, 
the RPI relating to the adhesion promoter increases, while the RPI relating to the resin 
decreases.
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Figure 7.31 RPI as a function of the concentration (g/L) of the adsorption solutions. An example of 
fragment relative to the EB 171 (PO3  ) and one relative to the resin (C^Hg ) is given.
ToF-SIMS images and image overlays (Figures 7.32 and 7.33) were used to 
study the distribution of the adsorbed species and to control the surface ehemistry of the 
as received HDGSOl.
l i
Figure 7.32 ToF-SIMS analysis of as received HDGSOl dipped in the solution with a concentration of 
EB 171 equal to 2 g/L. a) resin image, b) EB 171 image, c) aluminium image, d) zinc image, e) zinc 
(green) aluminium (red) overlay, f) zinc (green) aluminium (red) resin (blue) overlay, g) zinc (green) 
aluminium (red) EB 171 (blue) overlay.
For high concentration of EB 171 in the adsorbed solution (Figure 7.32), the 
distinction between aluminium rich regions and zinc rich regions that typifies the as 
received substrate is lost. The resin appears to be distributed uniformly on the surface, 
while the adhesion promoter appears to be more intense in the regions characterised by 
a strong zinc presence.
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Figure 7.33 ToF-SIMS analysis of as received HDGSOl dipped in the solution with a concentration of 
EB 171 equal to 1.0 x 10'^  g/L. a) resin image, b) EB 171 image, c) aluminium image, d) zinc image, e) 
zinc (green) aluminium (red) overlay, f) zinc (green) aluminium (red) resin (blue) overlay, g) zinc (green) 
aluminium (red) EB 171 (blue) overlay.
A clear distinction between aluminium rich regions and zine rieh can be 
observed for concentrations of EB 171 equal to 1.0 x 10'^ g/L or less (Figure 7.33). 
Looking at the distribution of the resin it can be noticed a stronger presence in the 
aluminium rich regions, while the EB 171 distribution shows a strong correlation with 
the zinc.
Table 7.22 Surface concentration (at.%) of NaOH cleaned HDGSOl with the various adsorbed solutions.
EB 171 
Cone. (g/L) C O Zn AI N P Fe
Na
4 26.3 51.1 9.0 9.2 0.3 2.6 - 1,6
2 25.2 52.1 9.1 9.6 0.5 2.4 - 1,1
1 25.0 53.1 7.1 11.1 0.5 2.6 - 0,6
5.0 X 10-1 25.5 53.1 7.1 10.9 0.3 2.7 - 0,5
1.0 X 10-1 28.5 47.7 14.8 5.5 0.4 1.8 - 1,3
5.0 X 10-2 25.8 48.8 19.1 3.4 - 1.8 - 1,1
1.0 X 10-2 26.6 45.5 22.9 1.1 0.8 1.0 - 2,1
5.0 X 10-3 25.2 45.2 23.0 2.0 0.5 0.8 0.8 2,6
1.0 X 10-3 33.8 41.6 19.4 1.8 0.5 0.2 0.7 2,1
Reference 41.0 41 .0 13.9 1.2 - - 0.8 2.2
no element observed
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The surface compositions of the NaOH cleaned HDGSOl dipped on the nine 
solutions containing the epoxy-acrylate resin and the EB 171 are given in Table 7.22. 
The variation of surface concentration of aluminium, zinc and phosphorus has been 
studied as function of the EB 171 coneentration (Figure 7.34). Phosphorus (used as 
marker of the adhesion promoter) and aluminium surface concentration increases with 
the concentration of the EB 171, while the zinc surface concentration decreases.
Phosphorus surface concentration values were tested against Langmuir, Temkin 
and Freundlich model; as shown in Table 7.23, the Langmuir isotherm fits better the 
data. As for the as received HDGSOl substrate, no modification, induced by the resin 
presence, of the adsorption of the adhesion promoter can be observed.
Aluminium
EB 171 c o n ce n tra tio n  (g/L)EB 171 c o n ce n tra tio n  (g/L)
Figure 7.34 Surface concentration (at.%) of zinc and aluminium (left) and phosphorus (right) as function 
of the solution concentration (g/L) of EB 171 adsorbed on NaOH cleaned HDGSOL
Table 7.23 Coefficient of determination of the various isotherm models employed to test the 
adsorption data (phosphorus surface concentration) relative to the EB171 on NaOH cleaned HDGSOl.
Langm uir Temkin Freundlich
0.9985 0.9291 0.8019
High resolution spectra were acquired for zinc and aluminium, and then peak- 
fitted. The same features described for the previous set of samples (as received 
HDGSOl as substrate) were observed for the Zn2p3/2 peaks, with the use of three 
components required to achieve a satisfactory peak-fitting (see Figure 7.17).
The adsorption of the EB 171 and the resin was studied employing ToF-SlMS 
by following the intensity of several peaks charaeteristics of the two chemicals (Tables
7.3 and 7.4 for the resin fragments, 7.5 and 7.6 for the EB 171) as a function of the 
solution coneentration. In Figure 7.35, an example for the EB171 and one for the resin 
is given. As it can be observed, increasing the concentration of EB 171 in the solution.
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the RPI relative to the adhesion promoter increases, while the RPI relative to the resin 
decreases.
Figure 7.35 RPI as a function of the concentration (g/L) of the adsorption solutions. An example of 
fragment relative to the EB 171 (PO3 ) and one relative to the resin (ChHuOi') is given.
ToF-SIMS images (Figures 7.36 and 7.37) and image overlays were used to 
study the distribution of the adsorbed species and to control the surface chemistry of the 
NaOH cleaned HDGSOl.
Figure 7.36 ToF-SIMS analysis o f NaOH cleaned HDGSOl dipped in the solution with a concentration 
of EB 171 equal to 2 g/L. a) resin image, b) EB 171 image, c) aluminium image, d) zinc image, e) zinc 
(green) aluminium (red) overlay, f) zinc (green) aluminium (red) resin (blu) overlay, g) zinc (green) 
aluminium (red) EB 171 (blue) overlay.
For high concentration of EB 171 in the adsorbed solution (Figure 7.36), a 
significant presence of aluminium can be noticed in the surface, aluminium that was 
barely observed in the reference substrate. The resin appears to be distributed uniformly 
on the surface, while the adhesion promoter appears to be more intense in the regions 
characterise by a strong aluminium presence.
Moving to lower concentrations of EB 171 (Figure 7.37) the amount of 
aluminium observed is reduced, while a strong zinc signal can be observed. The amount
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of adhesion promoter is reduced, and no correlation with aluminium distribution is 
observed. The resin appears to be present in the whole surface.
' m M
Figure 7.37 ToF-SIMS analysis of NaOH cleaned HDGSOl dipped in the solution with a concentration 
of EB 171 equal to 1.0 x 10^ g/L. a) resin image, b) EB 171 image, c) aluminium image, d) zinc image, 
e) zinc (green) aluminium (red) overlay, f) zinc (green) aluminium (red) resin (blue) overlay, g) zinc 
(green) aluminium (red) EB 171 (blue) overlay.
7.5.3 Discussion
The simultaneous adsorption of the epoxy-acrylate resin and of EB 171, one the 
two adhesion promoters included into the formulation of the PMOOl, the UV-cured 
coating used to test the adhesion properties of various HDGS panels, has been studied. 
Different solutions have been prepared, keeping constant the concentration of the resin 
and changing the concentration of the EB 171. This choice has been made in order to 
identify the optimal concentration of adhesion promoter that should be added in the 
coating formulation, since in the study of the adhesion promoter by itself it has been 
shown that a higher concentration than required seems to be included in the PMOOl 
formulation.
Several similarities can be found between this set of samples and the samples in 
which only the adhesion promoter was adsorbed, for both substrates used, indicating 
that the EB 171 was not drastically influenced by the presence of the resin.
Regarding the samples prepared using the as received HDGSOl as the substrate, 
an opposite variation with the zinc and aluminium surface concentration with the 
concentration of EB 171 in solution (Figure 7.29) can be noticed; as for the samples 
where only the adhesion promoter was adsorbed, this indicates that migration of
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aluminium from the bulk to the zinc coating surface is promoted by the adhesion 
promoter. As expected, the phosphorus surface concentration (used as marker of the 
adhesion promoter) increases with the EB 171 concentration. The curve relative to the 
phosphorus surface concentration as function of the EB 171 concentration indicates that 
a plateau is reached, as for the samples with the EB 171 adsorbed by itself, but the 
maximum uptake is lower, 2.7 at.% versus the 4.5 at.% observed with the single 
adsorption. Comparing the surface concentration of the two set of data (Tables 7.24 and 
7.14) it can be seen that in case of competitive adsorption, not only the phosphorus 
surface coneentration, but also the values relative to of zinc and aluminium are lower. 
This seems to indicate that both adhesion promoters and metals signal are attenuated, 
most likely by the co-adsorption of the resin. As for the sample prepared as exposure of 
the as received HDGSOl in solutions of EB 171, the analysis of zinc and aluminium 
high resolution spectra indicates that the aluminium chemical state has not been 
modified, remaining almost completely as oxide with a small presence of metallic 
aluminium, while a modification can be notieed in the Zn2 p3/2 peaks, with a presence of 
a zinc phosphate component whose intensity decreases on moving from high to low 
concentrations of EB 171 in the solution.
The ToF-SIMS data relative to the adsorption of the resin and of the adhesion 
promoter (Figure 7.31) show that the adhesion promoter intensity increases with the 
concentration of EB 171 in the solution, while the resin decreases. This indicates that 
the EB 171 interacts more rapidly with the as received HDGSOl, occupying the 
adsorption sites before the resin. If  it were true the opposite, i.e. the resin being 
adsorbed before the EB 171, the intensity relative to the resin should not change since 
the resin concentration was kept constant in the various solutions.
When the EB 171 was included by itself in the solutions prepared for the 
adsorption, important differences in terms of surface chemistry of the as received 
HDGSOl were observed going from a concentration of 4.0 x 10'^ g/L to a concentration 
of 2.0 X  10'^ g/L. Analysing the XPS surface concentration of the various samples 
prepared adsorbing both resin and EB 171 on as received HDGSOl, an important 
variation in surface composition can be observed moving from a concentration of 5.0 x 
10'^ g/L to a concentration of 1.0 x 10'^ g/L of EB 171 in the solution. The values in 
which the change has been observed are very close, indicating that the modification 
induced by the EB 171 takes place only if the as received HDGSOl is exposed to a
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minimum amount of EB 171, and that the presence of the resin does not influence the 
EB 171 action.
ToF-SIMS mass selected images have been employed to study the distribution 
o f the adsorbed species, and also to monitor the modification induced to the surface 
chemistry of the substrate varying the coneentration of the adsorption solutions.
When solutions with high concentration of EB 171 were used, XPS data showed 
an enrichment aluminium and lower zinc surface concentration than.in the reference 
substrate. Inspection of the ToF-SIMS images relative to the sample prepared with a 
concentration of EB 171 of 2 g/L (Figure 7.32), it can be seen that the distinction 
between aluminium rich regions and zinc rich regions that typify the surface chemistry 
of the HDGSOl is lost, and looking at the zinc/aluminium overlay it appears that the 
predominant element on the surface is the zinc and not the aluminium. These results 
indicated that the zinc reacting with the adhesion promoter is deposited in the first layer 
of the surface, covering the aluminium. Regarding resin and EB 171 distributions, both 
chemicals appear to be uniformly distributed on the surface.
Moving to lower concentrations of EB 171, 5.0 x 10"  ^g/L or less, the ToF-SIMS 
images reveal a completely different scenario (Figure 7.33). The distinction between 
zinc and aluminium rich regions is visible, and the distribution of resin and EB 171 is 
not uniform as before. Looking closely at Figure 7.33, the resin is mainly present in the 
aluminium rich regions, while the EB 171 is mainly present in the zinc rich regions. 
Important differences were observed also by XPS at the concentration of 5.0 x 10'^ g/L. 
These data seem to confirm the hypothesis formulated studying the adsorption of the 
adhesion promoters, i.e. the dissolution of the original oxide layer and the subsequent 
migration of aluminium from the boundary grain to the HDGS surface, and subsequent 
deposition of the zinc phosphate layer, whose presence has been highlighted by the fits 
of the high resolution Zn2 p3/2 spectra.
In the previous chapters, studying the surface chemistry of several HDGS panels, 
the hypothesis that a good adhesion can be established only in the regions where zinc 
oxide was present in the top surface layer was formulated. The results of competitive 
adsorption seem to reinforce this hypothesis. When resin and adhesion promoter, which 
is the component responsible for the adhesion of the coating, interact at the same time 
with the as received HDGSOl, the resin adsorbs on the aluminium rich regions while the 
EB 171 on the zinc rich regions. As consequence, in the zinc regions a strong
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interaction can be established, while in the aluminium rich regions the resin is not able 
to establish interactions of the same strength.
The simultaneous adsorption of the epoxy-acrylate resin and of EB 171 , one the 
two adhesion promoters included into the formulation of the PMOOl, the UV-cured 
coating used to test the adhesion properties of various HDGS panels, have been also 
studied using the NaOH cleaned HDGSOl as substrate; the same set of solutions used 
for the as received HDGSOl was used.
, XPS and ToF-SIMS data indicate that the adsorption sites present on the surface 
of the NaOH cleaned HDGSOl are equivalent to the adsorption of the EB 171, 
adsorption that leads to the formation of a monolayer.. The EB 171 formed a monolayer 
even when it was absorbed by itself. This indicates that the presence of the resin does 
not influence the adsorption of the adhesion promoter neither for this substrate. The 
ToF-SIMS data (Figure 7.35) show that the intensity relative to the adhesion promoter 
increases with the concentration of EB 171 used, while the intensity relative to the resin 
decreases, indicating that the EB 171 is the first to interact with the substrate, with the 
resin being adsorbed after the adhesion promoter.
A strong presence of aluminium can be observed when the concentration of EB 
171 in the solution was > 1.0 x 10"\ while at the same time the zinc surface 
concentration is smaller than in the reference substrate (Table 7.26), exactly as observed 
for the samples prepared using solutions containing only EB 171. This confirms that the 
action of the EB 171 is not influenced by the presence of the resin in solution.
ToF-SIMS image analyses (Figures 7.36 and 7.37) were used to study the 
distribution of the two chemicals adsorbed and the surface chemistry of the substrate. 
Moving from high to low concentrations of EB 171, the signals relative to adhesion 
promoter becomes weaker, as the aluminium relative signal does, as expected from the 
XPS results. Both the resin and the EB 171 appear to have a quite homogeneous 
distribution on the substrate, showing no important differences moving from different 
levels of EB 171 concentration.
This is the major difference relative to the adsorption of the resin and EB 171 
that can be observed between samples prepared using as received HDGSOl as the 
substrate and samples prepared using the NaOH cleaned stock. In case of as received 
HDGSOl, reducing the concentration of EB 171 in the solutions, it was noticed a 
preference of adsorption on zinc rich regions for the adhesion promoter, with the resin
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was adsorbed on the aluminium rich regions, while in case of NaOH cleaned HDGSOl 
the distribution of EB 171 was quite uniform at each concentration. A homogeneous 
presence of adhesion promoter on the substrate should guarantee a strong metal/coating, 
interaction since the function of the adhesion promoter is to interacts with the metal 
substrate before the other components included in the coating formulation, and this has 
been verified, in order to create provide chemicals groups the other components can 
interact with. When the adhesion promoter does not form a homogeneous layer, as for 
the as received HDGSOl at low concentrations of EB 171, the other chemicals, the resin 
in the case studied, will interaet directly with the metal substrate, but not with enough 
strength to guarantee a good metal/coating adhesion.
7.5.4 Conclusion
The adsorption of the epoxy-acrylate resin and of the adhesion promoter 
included in the PMOOl formulation has been studied.
The results of the competitive adsorption showed that the adhesion promoter is 
adsorbed before the resin, forming a monolayer on the surface of both the as received 
and NaOH cleaned HDGSOl.
The modifications induced by the EB 171 on the substrate surfaces were 
observed at the same degree as when the adhesion promoter was used by itself, 
indicating that its action it is not influenced by the presence of the resin. The dissolution 
of the original oxide layer and the migration of aluminium from the boundary grain to 
the HDGS surface are promoted despite the presence of the resin in the solution.
The biggest difference in the adsorption on the two different substrates is that in 
case of NaOH cleaned sample the adhesion promoter is always homogeneously 
distributed on the substrate surface, while in case of as received HDGSOl when the 
distinction between aluminium rich regions and zinc rich regions is observed, the 
adhesion promoter shows a preference for the zinc rich regions, while the resin is 
preferentially located on the aluminium rich regions.
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7 .6  In te ra c tio n  H D G S / H Ig h -V Iso o slty  S y s te m s
7.6.1 Introduction
In the previous sections of this chapter it has been shown that during the 
adsorption of a phosphate based adhesion promoter, the surface chemistry of as HDGS 
is modified. The presence of the resin does not influence the action of the adhesion 
promoter, i.e. the same modifications were observed when the resin was included in the 
adhesion promoter solutions.
In order to understand more in details the interaction between the UV-cured 
coating PMOOl with HDGS, an experiment that aims to rephcate the conditions of a 
coating process has been designed. The aim being to replicate the situation eneountered 
in the eoil coating process
A mixture of epoxy-acrylate resin and EB 171, containing 10 grams of resin and 
2 grams of adhesion promoter was employed. The specimens analysed were prepared 
dipping small discs of substrate in the mixture for fixed times. The specimen were left 
eighteen hours drying in air and then cleaned with acetone to remove the excess 
material.
Since the aim of this work is to understand the nature of the modification 
induced by the adhesion promoter on the HDGS surfaee, and the role played by the time 
in these interactions, instead of varying the mixture composition, the immersion time 
has been changed in each case.
The results relative to this series of samples will be often compared with the 
results relative to the competitive adsorption (previous section), in order to understand 
the differences related to a dramatic change in the viscosity of the solution interacting 
with the HDGS.
7.6.2 Results
A XPS survey spectrum was acquired for all the as received HDGS samples 
after removing the adsorbed mixture; in Figure 7.38 XPS the survey spectrum of the 
samples obtained dipping the as received HDGSOl for 5 seconds is given. In the
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spectrum the absence of the aluminium peaks, AI2p at 74 eV and A12s at 119 eV, can be 
seen. The surface elemental composition was obtained for the various samples (Table 
7.24) by acquiring high resolution spectra for each observed element and quantifying in 
the usual way.
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Figure 7.38 XPS survey spectrum of as received flDGSOl immersed in the resin/EB 171 mixture for 5 
seconds.
Table 7.24 Surface composition (at.%) of as received HDGSOl dipped in resin/EB 171 mixtures for 
different times.
Immersion
Time
C O Zn AI P Fe N Na Ca
5 sec. 34.7 44.2 13.5 - 7.0 0.6 - - -
10 sec. 51.2 33.0 6.5 - 4.4 0.3 0.2 - -
20 sec. 66.4 28.8 2.2 - 2.6 - - - -
Reference
Substrate
30.0 49.9 6.6 11.4 - - 1.1 0.7 0.3
element not observed
ToF-SIMS spectra were acquired for each sample, and compared to the 
specimen prepared by immersion in dilute solutions, i.e. the samples studied in the 
previous section on competitive adsorption. In Figure 7.39 an example is given, with the 
comparison of a representative sample obtained by immersion in a dilute mixture (resin
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concentration 10 g/L and EB 171 concentration 4 g/L), first rows, and a representative 
sample obtained by immersion in the undiluted mixture (5 seconds immersion), second 
rows. Examples of peaks from the HDGS substrate, the resin and the adhesion promoter 
are indicated.
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Figure 7.39 Comparison of ToF-SIMS positive spectra of as received HDGSOl immersed in dilute 
resin/EB 171 mixture (a), and on undiluted mixture (b).
Fragments that originate from the resin, such as the CgHnO^ (135 u), and in 
general fragments of organic nature appear to be more intense in the spectra o f the 
samples immersed in the undiluted mixture, while fragments originating from the 
HDGS substrate are more intense in the spectra relative to the sample prepared by
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immersion in the dilute solution. Looking at ToF-SIMS high resolution spectra (in 
Figure 7.40 A f  and Zn^ spectra are shown), it is possible to observe that aluminium and 
zinc peaks are very weak and barely noticeable for the sample exposed to the undiluted 
mixture, indicating a thicker layer deposited on the substrate.
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Figure 7.40 Comparison of high resolution ToF-SIMS positive spectra of as received HDGSOl immersed 
in dilute resin/EB 171 mixture (a), and in undiluted mixture (b). It can be notice the low intensity of 
aluminium and zinc peaks in case of immersion in undiluted mixture.
A second set of samples based on as received HDGSOl was prepared by dipping 
two small disks of substrate in the undiluted mixture for short times 2 and 5 seconds, 
and immediately removing the adsorbed material by acetone. In Figure 7.41 the XPS 
survey spectrum of the sample prepared with a 2 seconds immersion is shown. In the 
spectrum it is possible to observe the aluminium peaks. Moving to the sample prepared 
with a five-second immersion, the aluminium level is lower than for the previous 
sample, decreasing from 9.6 at% to 0.5 at.% (Table 7.25).
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Figure 7.41 XPS survey spectrum of as received HDGSOl immersed in the resin/EB 171 mixture for 2 
seconds and immediately removed with acetone.
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Table 7.25 Surface composition (at.%) of as received HDGSOl dipped in resin/EB 171 mixtures for
Immersion
Time
C O Zn AI P Na N Ca
2 sec. 41.9 43.1 3.2 9.6 2.2 - - -
5 sec. 67.1 29.2 1.2 0.5 2.0 - - -
Reference
Substrate
30.0 49.9 6.6 11.4 - 0.7 1.1 0.3
element not observed
NaOH cleaned HDGSOl was also exposed to the undiluted resin/EB 171 
mixture for different times. In the XPS survey spectra (example given in Figure 7.42) 
no aluminium signal can be observed. The surface composition of NaOH cleaned 
HDGSOl was obtained after different times of immersion in the undiluted mixture 
(Table 7.26). No significant differences can be observed between the samples produced. 
Comparing the surface eompositions of this set of samples with the reference substrate a 
lower level of zinc and a higher level of carbon can be noticed, indicating the deposition 
of the mixture over the substrate.
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Figure 7.42 XPS survey spectrum of NaOH cleaned HDGSOl immersed in the resin/EB 171 mixture for 
10 seconds.
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Table 7.26 Surface composition (at.%) of NaOH cleaned HDGSOl dipped in resin/EB 171 mixtures for
Immersion
Time
C O Zn A1 P Fe Na
5 sec. 59.2 35.6 2.3 2.9 -
10 sec. 55.7 35.6 5.4 3.3 - -
30 sec. 56.6 35.7 4.1 - 3.5 0.1 -
Reference
Substrate
41.0 41.0 13.9 1.2 -  ^ 0.8 2.2
element not observed
As for the set of samples based on as reeeived HDGSOl, ToF-SIMS spectra 
were acquired for each sample, and compared to the specimen prepared by immersion 
in dilute solutions, i.e. the samples studied in the previous section on competitive 
adsorption (Figure 7.43).
Mass selected images have not been used for this set of samples. This ehoice has 
been made because no aluminium was observed. The low concentration of aluminium 
suggests that the substrate is mainly covered but zinc, without the presence of defined 
regions, whose presence was the main reason to employ mass selected images in the 
adsorption studies.
In Figure 7.44 an example of positive and negative speetra is given, with the 
comparison of a representative sample obtained by inunersion of NaOH cleaned 
HDGSOl in dilute mixture of concentration 10 g/L for the resin and concentration 4 g/L 
for the FB 171 (first rows) and a representative sample obtained by immersion in the 
undiluted mixture, ten-second immersion (second rows). Peaks characteristie of the 
HDGS substrate, the resin and the adhesion promoter can be observed. Fragments 
originating from the resin, such as CyH?"^  (91 u) an CgHnG'*' (135 u), and in general 
fragment of organic nature appear to be more intense in the spectra of the samples 
immersed in the pure mixture, while fragments originating from the HDGS substrate are 
more intense in the spectra relative to the sample prepared by immersion in the dilute 
solution. As shown by high resolution spectra (in Figure 7.45 Af*" and Zn"*" spectra), the 
observation of peaks originating from HDGS surface is barely possible.
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Figure 7.43 Comparison of ToF-SIMS positive spectra of NaOH cleaned HDGSOl immersed in dilute 
resin/EB 171 mixture (a), and in undiluted mixture (b).
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Figure 7.44 Comparison of high resolution ToF-SIMS positive spectra of NaOH cleaned HDGSOl 
immersed in dilute resin/EB 171 mixture (a), and in undiluted mixture (b). It can be notice the low 
intensity of aluminium and zinc peaks in case of immersion in undiluted mixture.
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7.6.3 Discussion
As received and NaOH cleaned HDGSOl were exposed for short times to 
undiluted mixtures of EB 171 and the epoxy-acrylate resin of the PMOOl formulation, 
the same two chemicals employed in the competitive adsorption study.
The surface composition of as received HDGSOl samples immersed in the 
mixture (Table 7.24) reveal the absence of aluminium and the presence of iron, 
indicating significant modification induced to the as received HDGSOl surface, which 
is characterised by a strong presence of aluminium (> 10.0 at.%) and the absence of iron 
(Table 4.1). These data seem to indicate that the original oxide layer was removed, 
reinforcing the hypothesis formulated in the previous sections [55, 133, 135], where it 
was assumed that the adhesion promoters dissolve the original oxide layer, promoting at 
the same time the migration of aluminium present in the boundary grains of the zinc 
coating [52].
Moving from the solutions employed for the various adsorption studies to the 
undiluted EB 171/resin mixture used for these experiments, the viscosity of the systems 
is highly increased; this implies a reduction of mobility of the adhesion promoters 
molecules, that cannot promote the migration of the aluminium to the coating surface.
Zinc and phosphorus surface concentration decrease with the time of immersion 
in the mixture, while carbon surface concentration increases. This data suggest that the 
adhesion promoter (characterised by phosphorus) is the first to be adsorbed on the as 
received HDGSOl surface, and then the resin is adsorbed over the adhesion promoter 
layer. Increasing the time of immersion, the quantity of resin adsorbed increases, 
making the overall adsorbed layer thicker. This explains why less zinc is observed 
increasing the immersion time. The decrease of phosphorus surface concentration 
indicates that the adhesion promoter is adsorbed only in the first stage of the process, as 
observed in the competitive adsorption study.
ToF-SIMS spectra (Figures 7.39 and 7.40) show a small presence of aluminium, 
indicating that traces of aluminium are still present in the eoating surface. All the peaks 
attributed to aluminium and zinc fragments have lower intensity than for the samples 
analysed in the competitive adsorption, indicating that a thicker organic layer is 
deposited on the as received HDGSOl surface.
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In order to investigate the time necessary for the removal of the oxide layer, two 
specimens were prepared dipping as received HDGSOl in the mixture and removing 
immediately the material adsorbed instead of leaving it overnight. Looking at the 
surface composition of the two samples (Table 7.5), the presence of aluminium at a 
level comparable to the reference substrate can be noticed for the one sample (two- 
second immersion), while for the other (five-second immersion) the aluminium was 
almost completely removed.
Comparing the XPS survey spectra acquired from the sample where aluminium 
is present (Figure 7.41) with the one where no aluminium is present (Figure 7.38), a 
clear difference in the spectrum background can be noticed. The background following 
the Zn2p3/2 doublet, as well as the background following the Fe2p peak is going down 
when no aluminium is present, while is going up when the aluminium is present. A 
spectrum as the one shown in Figure 7.38 is diagnostic of a surface rich in zinc, with 
same iron present, surface that can be obtained removing the original oxide layer, rich 
in aluminium oxide, as proposed before.
This last experiment clearly indicates that an exposure of five seconds is 
sufficient to dissolve the original oxide layer present on the HDGS surface. This 
consideration is important to understand the dynamic of the process within a coil 
coating line. Despite the fast line speed, the dwell time of a UV-cured on the surface of 
HDGS prior curing is greater than five seconds (the exact dwell time, in order on 12-20 
seconds [2], depends on various parameters, sueh as hue size). At the moment of the 
curing, the original oxide layer is certainly dissolved. The surface over which the 
coating cure is so characterised by a low level of aluminium and an high coverage of 
zinc, present as oxide and, partially, as phosphate.
No aluminium is present in the surface of NaOH cleaned HDGSOl samples after 
immersion in undiluted mixture (Figure 7.42 and Table 7.26), in contrast to the samples 
prepared in the adsorption studies, where aluminium enrichment was noticed (Table 
7.22). This seems to confirm the hypothesis formulated discussing the previous set of 
samples, i.e. that the high viscosity of the mixture does not allow the migration of the 
aluminium from the boundary grains to the zinc coating surface. The migration of A1 
from the boundary grains is it possible only for dilute solutions, which can penetrate 
within the zinc layer increasing the mobility of the aluminium entrapped in the zinc 
coating, giving as result an enrichment in A1 surface concentration.
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ToF-SIMS spectra (Figures 7.43 and 7.44) reveal, as for the previous set of 
samples, a very small presence of aluminium and zinc in the top layers of the speeimens, 
with all the peaks attributed to aluminium and zinc fragments having low intensity. The 
comparison with the samples analysed in the competitive adsorption makes it extremely 
evident. This indicates that a quite thick organic layer is deposited on the NaOH cleaned 
HDGSOl surface.
7.6.4 Conclusions
\
The change on the viscosity of the EB171/resin mixture interacting with HDGS 
has a dramatic influence on the interactions occurring between the metal substrate and 
the organic material.
As observed in case of dilute solutions, the phosphorus based adhesion 
promoters strongly interact with the oxide layer of the HDGS, which is dissolved 
entering in contact with the organic mixture. As evidence of this, no aluminium was 
detected on the as received HDGSOl surface after entering in contact with the undiluted 
organic mixture. The oxide dissolution requires a short amount of time since a five 
second interaction is sufficient to remove almost completely the aluminium from the 
metals surface.
As a result of the high viscosity of the system, the migration of aluminium from 
the grain boundaries to the surface of the zinc coating does not take place. As proof of 
this, no aluminium was detected on the surface of the NaOH cleaned HDGSOl.
Since the final coating has a quite high viscosity, certainly much higher than the 
one characterising the solutions used for the adsorption studies, it is likely that when the 
coating is applied in a coil coating line  ^ the HDGS surface is mainly composed by zinc, 
both phosphate and oxide, with a small presence of aluminium.
This consideration appears to be in contradiction with the hypothesis formulated 
in the previous chapters, since it would appear that all the surface are very similar when 
the coating interacts with them. In order to clarify how the coating interacts with the 
HDGS surface, and what is really responsible for good and bad adhesion, the 
investigation of the PMOOl/HDGS interfaces is necessary. This study will be presented 
in the next chapter.
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Z 7  C o n c lu d in g  R e m a r k s
Adsorption studies have been undertaken to investigate the interactions of some 
of the main component of a UV-cured coating, the same applied on the various HDGS 
panels analysed in the previous chapters, with HDGS.
One of the main aims of this piece of work was to develop a method to follow 
the adsorption onto HDGS by ToF-SIMS mass selected images, in order to have the 
possibility of studying, at the same time, the adsorption of the chemical, relating to 
changes in the surface chemistry of the substrate.
It has been shown that just following the adsorption of the chemicals in the 
traditional way, i.e. employing the various models to fit the data, it is not sufficient 
since important modification can be induced on the metal substrate surface, as observed 
in case of the adsorption of the two phosphorus based adhesion promoters, whose 
adsorption leads to the removal of the original oxide layer that cover the HDGS surface 
and to the migration of A1 from the boundary grains to the surface. The migration of A1 
from the boundary grains is it possible only for dilute solutions, which can penetrate 
within the zinc layer inereasing the mobility o f the aluminium entrapped in the zinc 
coating, giving as result an enrichment in A1 surface concentration. This phenomena 
cannot be observed using less mobile solutions, and it does not happen at all in the solid 
state metal.
The results of the various adsorption studies will be taken as reference in the 
investigation of the coating/HDGS interfaces, trying to understand how this to systems 
interacts, and to identify what is responsible of poor coating/HDGS adhesion.
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HDGS / PM001 
Interfacial Failure Surfaces
8.1 In tro d u c tio n
In the previous chapters, the surface chemistry of a series HDGS panels, 
analysed as received and after different cleaning processes, was studied, in order to 
correlate HDGS surface chemistry to adhesion properties. In this chapter, the nature of 
metal/coating adhesion failure will be investigated through the study of the interfacial 
failure surface (IFSs) produced during the peel tests (water vapour exposure followed 
by application of an acrylic tap) used in Chapters 4 and 6.
As described in Chapter 2, the identification of the locus of failure is a crucial 
step to improve the adhesion between to phases. The analysis of the IFSs by surface 
analysis techniques is a powerful way to localise the locus of failure, as recently 
reviewed by Watts [92].
XPS and ToF-SIMS have been employed to study the IFSs produced, trying to 
rationalise the reasons for the differences in adhesion properties observed. The 
adsorption studies shown and discussed in Chapter 7 have been used as reference to 
understand the origin of all the various chemical species presents at the metal/coating 
interface, and the role they play in the adhesion.
Before expanding on the study of the IFSs, the characterisation of PMOOl, the 
prototype radcure coating, by XPS and ToF-SIMS, will be described to have a complete 
picture of the coating system employed.
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8 .2  C o a tin g  C h a ra c te r isa tio n
The PMOOl, whose formulation was given in Table 7.1, was characterised by XPS. 
Carbon, oxygen and phosphorous are the only elements observed in the survey spectrum 
(Figure 8.1). The following surface composition was obtained after acquiring high 
resolution peaks for the observed elements: C 71.8 at.%, O 27.0 at.% and P 1.2 at.%.
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Figure 8.1 XPS survey spectrum of the PMOOl.
The carbon is the element that characterise the most the surface of the coating, as 
it could be expected from the coating formulation. Most of the components included are 
polymeric materials, where the carbon is the most important constituent. Oxygen 
originates from all the components included, while the phosphorus is characteristic of 
minor components included in the formulation, such as the two adhesion promoters. 
Knowing the exact formula of the two adhesion promoters, taking as reference the 
phosphorus surface concentration it could be possible to obtain more information about 
the distribution of the adhesion promoters [101], i.e. if they migrated to the coating 
surface. The low value observed (1.2 at.%) suggests that they did not migrate. No 
silicon peaks were observed, suggesting that all the anticorrosive pigment added (silica 
based, see Table 7.1) is incorporated in the bulk of the coating as expected [4, 101].
Positive and negative ToF-SIMS spectra were acquired for the PMOOl; in Figure
8.2 selected mass regions are shown, alongside a list of some of the most characteristic 
fragments of the spectra. Peaks characteristic of the main resin, such as and
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CpHpO', and of the two adhesion promoters, the phosphorous rich fragments, can be 
observed. As with XPS, no signal relative to the silica based anticorrosive pigment was 
observed in the ToF-SIMS spectra.
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Figure 8.2 ToF-SIMS spectra of the PMOOl. Selected mass regions shown, with peak list o f the most 
representative fragments.
XPS and ToF-SIMS data relative to the PMOOl, alongside the data presented in 
the adsorption studies in the previous chapter, will be used as reference in the 
investigation of the IFSs.
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8 .3  In terfa c ia l F ailure S u r fa c e s
8.3.1 Introduction
In Chapter 4, the adhesion properties of seventeen HDGS panels were tested 
applying a UV-cured coating, designated PMOOl, and removing it through a simple peel 
test. The same method was employed to test the adhesion properties of the HDGSOl 
after cleaning the panel with three different cleaning processes (Chapter 6).
All the interfacial failure surfaces (IFSs) produced during these peel-off tests 
have been studied with the aim to understand the characteristic of the poor adhesion 
exhibited by some HDGS panels.
In the next sections, the results obtained for the various HDGS panels that 
exhibited poor adhesion will be presented in different sections.
8.3.2 Results
8.3.2.1 Introduction
Three of the seventeen HDGS panels studied in Chapter 4 (HDGSOl, 03 and 12) 
showed poor adhesion with an UV-cured coating. The IFSs produced, both metal and 
coating sides, have been studied employing XPS and ToF-SIMS. The results will be 
now presented, in three different sections, one for each panel.
8.3.2.2 HDGSOl
The adhesion properties of the HDGSOl were tested for the as received panel 
and also after cleaning it with three the different cleaning processes. As shown in 
Chapter 6, only one of these cleaning processes, the NaOH cleaning, drastically
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improved the adhesion properties of the HDGSOl, while the other two, IKB and
GARDO, had a very slight effect.
The IFSs produced for the as received, the IKB cleaned and the Gardo cleaned 
HDGSOl were characterised by XPS. In Figure 8.3 the survey spectra of the six IFSs 
analysed are given; in the first column of the figure (a, c and e) the survey spectra 
acquired for the HDGS failure surface are given, while in the second column (b, d and 
f) the survey spectra relative to the PMOOl failure surface are shown.
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Figure 8.3 XPS analysis of the IFSs produced by peeling off the PMOOl from the as received and cleaned 
HDGSOl: a) and b) metal and coating IFSs of the as received HDGSOl; c) and d) metal and coating IFSs 
of the IKB cleaned HDGSOl ; e) and f) metal and coating IFSs of the Gardo cleaned HDGSOl.
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The spectra acquired for the three metal failure surfaces (Figure 8.3 a, c and e) 
have a very similar shape, with the same elements observed; looking at Table 8.1 it can 
also noticed that he surface concentration of the detected elements is very close for the 
three samples.
Table 8.1 XPS surface quantification (at.%) of the IFSs produced by peeling off the PMOOl from the as
HDGSOl IFS C O Zn A1 P Fe N
As Received
Metal 29.3 48.6 12.1 2.2 7.8 - -
Coating 43.3 39.5 11.9 - 5.3 - -
IKB
Cleaned
Metal 27.6 47.4 14.2 2.2 7.7 0.7 -
Coating 47.1 38.0 8.3 - 5.2 0.5 0.8
Gardo
Cleaned
Metal 26.0 49.0 13.5 2.8 8.0 0.8 -
Coating 66.7 25.7 4.6 - 3.1 - -
PMOOl 71.8 27.0 - - 1.2 - -
element not observed
Carbon amount is always higher in the coating IFSs than in the relative metal 
IFS, while all the other elements present a higher concentration in the metal IFSs than in 
the coating ones, where no aluminium is observed.
A12p and Zn2p3/2 high resolution peaks were acquired; due to the overlap with 
the P2p peaks, the Zn3p peaks were not acquired at high resolution. The fits of A12p 
and Zn2 p3/2 peaks (not shown) revealed that the aluminium was present in the oxide 
form (metal IFS), while the zinc (metal and coating IFSs) was present in three different 
states, oxide (~ 1022.5 eV), metallic (~ 1020.0 eV) and phosphate (~ 1019.5 eV), 
presenting a very similar scenario to the one observed in Chapter 7, and indicates that in 
all the cases the HDGS formed an interfacial reaction product with the adhesion 
promoters. A12p and Zn2p3/2 peaks are very similar for the three HDGSOlIFSs analysed, 
i.e. as received and cleaned HDGSOl.
The IFSs obtained peeling off the PMOOl from the as received HDGSOl were 
also investigated by ToF-SIMS. In Figure 8.4 the comparison of the positive spectra 
(selected mass range) of two IFSs produced with the substrate and the organic coating is 
given.
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In spectra from the two IFSs peaks characteristics both of the metal substrate 
and of the organic coatings can be observed. It can be noticed that peaks relative to 
fragments containing phosphorous, characteristics of the two adhesion promoters, are 
more intense in the metal IFS than in the coating IFS, confirming the XPS results, 
which showed an higher amount of phosphorous in the metal IFSs than in the coating 
IFSs. Fragments due to the interaction of the adhesion promoter with the zinc, such as 
ZnPOz^ at 127 u, can be observed.
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Figure 8.4 ToF-SIMS positive spectra of the as received HDGS/PMOOl system: a) metal substrate, b) 
metal IFS, c) coating IFS, d) coating surface.
High mass resolution images were acquired for the two IFSs, hoth in positive 
and negative mode. In Figure 8.5 mass selected ion images acquired for the coating IFS 
(negative mode) are shown. Figure 8.5a (A10‘ image) indicates that some aluminium
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(not observed with XPS) is still present in the surface of the coating IFS. Looking at the 
ZnOH ion image (Figure 8.5b) it can be seen that it recalls quite closely the image 
attributed to AlO', indicating a very similar distribution for zinc and aluminium. The ion 
image attributed the resin (in Figure 8.5d the C14H 11O2') shows that the resin is present 
at a higher intensity in the regions whit less zinc and aluminium, while in the regions 
where these metal are more abundant, the resin is almost absent. The distribution of 
phosphorus containing fragments seems to be very close to the distribution of 
aluminium and zinc, as shown in Figure 8.5c where the image of the PO3' is given. The 
same observations can be made studying the ion images acquired in positive mode 
(images not shown).
Figure 8.5 ToF-SIMS ion images of the as received HDGSOI/PMOOI coating IFS. a) AlO ; b) ZnOH'; c) 
PO2 '; d) C 1 4 H1 1 O2  . FOV 500 X 500 g m l
Scatter ratio plots were employed to study the relative distribution of various 
fragments of interest. By comparing the distribution of AlO' and C 14H 11O2' an image 
showing two well defined regions was obtained and high resolution mass spectra were 
reconstructed for these two regions (Figure 8 .6 ).
The mass spectra extracted for the two regions appear to be very similar: 
however some differences can be picked up, such as an intense peak characteristic of 
the adhesion promoters in the green region at 103 u (C3H4PO2 ), and an intense peak 
characteristic of the main resin at 211 u (C14H 11O2') observed in the red regions. Due to 
their low intensities, aluminium and zinc fragments are not clear in the spectra given in 
Figure 8.6.
For the coating IFS, high mass resolution ion images were acquired for the metal 
IFS. In Figure 8.7 ion images acquired in positive mode are shown. Since the ion 
images acquked in negative mode shown the same features of the images acquired in 
positive mode, the negative images are not presented.
In Figure 8.7 images attributed to the aluminium (AD), zinc (ZiD), adhesion 
promoters (PO^) and main resin (CvHy"^ ) are given.
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Figure 8 . 6  Reconstructed image showing the two different regions of the coating IFS, and negative ToF- 
SIMS high mass resolution reconstructed for each area.
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Figure 8.7 ToF-SIMS ion images of the as received HDGSOl/PMOOl metal IFS. a) AF; b) Zn ;^ c) PO ;^ 
d) C7 II7 +. FOV 500 X 500 pm .^
The images shown in Figure 8.7 suggest that zinc and phosphorus rich fragments 
have the same distribution on the surface of the metal IFS, while the fragments 
characteristics are more intense in the regions where the others species are less abundant, 
as observed for the coating IFS. The correlation between aluminium (AD in Figure 8.7a) 
and zinc distribution (ZiD in Figure 8.7b) is not as strong as on the coating IFS. Looking
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at the AD image, small areas characterised by high intensity can be observed, spots in 
which the zinc and the phosphorus presence seem to be quite strong as well. It can be 
noticed that in these areas the signal attributed to the main resin is very low.
Scatter ratio plot were employed to study the relative distribution of various 
fragments of interest. In Figure 8.8 the image reconstructed from the scatter ratio plots 
obtained plotting the distribution of PO^ against the distribution CyHy^ reveals the 
presence of two regions, as indicated by the individual ion mass images. High resolution 
mass spectra were extracted from the two regions and compared.
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Figure 8.8 Reconstructed image showing the two different regions of the metal IFS, and positive ToF- 
SIMS high mass resolution reconstructed for each area.
Hydrocarbon fragments such as CgHs^ (41 u) and CoHg  ^ (77 u), which can be 
associated with the resin fragmentation, are more intense in the spectrum extracted from 
the green regions; fragments that can be attributed to the adhesion promoters included 
into the formulations, such as PHgOa^ and PH4 0 4  ^ (98 and 99 u), have higher intensity
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in the red region than in the green one. Peaks originating from aluminium (AD at 27 u) 
and zinc (Zn'^ at 64 u), can be observed in both spectra, with a comparable relative 
intensity in the two regions. Fragments attributed to the zinc/adhesion promoter 
interaction (ZnPOz^ at 127 u), are more intense in the red regions.
The IFSs produced peeling off the PMOOl from the cleaned HDGSOl, both IKB 
and Gardo cleaned, were also studied by ToF-SIMS.
In Figure 8.9 the positive mass spectra of the two IFSs, in comparison with the 
substrate and the coating, relative to the IKB cleaned HDGSOl coated with PMOOl are 
given (selected range).
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Figure 8.9 ToF-SIMS positive spectra of the IKB cleaned HDGS/PMOOl system: a) metal substrate, b) 
metal IFS, c) coating IFS, d) coating surface.
In the spectrum relative to the metal IFS (Figure 8.9b) it is possible to observe a 
very intense peak at 64 u, assigned to Zn"^ , signal that is even more intense than for the 
bare substrate. The mass spectrum relative to the coating IFS presents two intense peaks
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(73 and 147 u) that dominate the whole spectrum; these peaks have been assigned to 
C4H9 0  ^ and to CôHuOD, indicating a PDMS contamination [125]. Despite a different 
intensity in the fragments listed before, the two mass spectra are quite similar in terms 
of peaks nature and their relative intensities, more than it could appear at a first glance.
Mass selected images were acquired for the metal IFS (Figure 8.10) and coating 
IFS (Figure 8.11) in order to study the distribution of the component of main interest. In 
both figures images relative to aluminium, zinc, adhesion promoters and main resin of 
the PMOOl are shown.
Regarding the metal IFS (Figure 8.10), AD and Zn^ images shows that the 
regions where the aluminium has a higher concentration were the signal relative to the 
zinc is less intense, revealing an anti-correlation in the distribution of the two elements. 
An anti-correlation can be observed also comparing the PO^ image (characteristic of the 
adhesion promoters) and the CyHy^ image (characteristic of the resin).
Figure 8.10 ToF-SIMS ion images of the IKB cleaned HDGSOl/PMOOl metal IFS. a) AF; b) Zn ;^ c) 
POF d) CvHvf FOV 500 x 500 p m l
The coating IFS images reveal a rather low signal attributed to the main resin, 
which is strong only in a very specific regions of the surface analysed, regions in which 
the signal relative to the other peaks of interest is quite low. The AD image shows that 
some aluminium is present in the coating IFS, although its presence was not reveal by 
XPS; as for the metal IFS, the aluminium is concentrated in a specific region of the 
surface. Zn^ is characterised by a quite intense signal, not homogeneous in the surface, 
with a lower signal in correspondence of the brightest spot of the AD image.
Figure 8.11 ToF-SIMS ion images of the IKB cleaned HDGSOl/PMOOl coating IFS. a) AF; b) Zn^; c) 
POF d) C7 HF. FOV 500 X 500 p m l
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In Figure 8.12 the positive spectra acquired for the system Gardo cleaned 
HDGSOl/PMOOl are given (selected range, 1-150 u).
Comparing the spectra relative to the metal IFS (Figure 8.12b) and the coating 
IFS (Figure 8.12c) is it clear that the two spectra are quite similar. As for the previous 
system, the peaks relative to the zinc, like Zn^ at 64 u and ZnOH^ at 81 u, and 
aluminium, such as AF at 27 u, are more intense in the spectrum acquired for the metal 
IFS, while peaks assigned to organic fragment, such as C4H9 0  ^ (73 u), CgHg"^  (105 u), 
C6H ii0 4  ^ (147 u) and CgHsOs^ (149 u) 73 are more intense in the coating IFS surface.
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Figure 8.12 ToF-SIMS positive spectra of the Gardo cleaned HDGS/PMOOl system: a) metal substrate,
b) metal IFS, c) coating IFS, d) coating surface.
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Regarding the metal IFS (Figure 8.13), a quite homogeneous distribution of the 
various component of the system in the surface is seen. The AF (Fiugure 8.13a) reveals 
a weak presence of aluminium, which is more intense in few spots. In these spots, the 
signal attributed to zinc and adhesion promoter appears to be weaker than in the rest of 
the area analysed. The image of Zn"^  (Figure 8.13b) and PO^ (Figure 8.13c) are very 
similar, indicating that zinc and adhesion promoters have the same distribution on the 
surface. The image relative to the (Figure 8.13d) appears fairly uniform.
Figure 8.13 ToF-SIMS ion images of the Gardo cleaned HDGSOl/PMOOl metal IFS. a) AI ;^ b) Zn ;^ c) 
POF d) C?HF. FOV 500 x 500 p m l
Regarding the coating IFS (Figure 8.14), the images reveal a quite different 
scenario from the metal IFS. The AF image (Figure 8.14a) shows that aluminium is all 
but absent in well defined regions of the analysed surface, regions that appear to be 
richer in adhesion promoter (Figure 8.13c) and main resin (Figure 8.13d). In particular, 
the image relative to the appears to be exactly complementary to the image of the
AF. The Zn^ image (Figure 8.13b) shows that the zinc distribution is quite 
homogeneous, with some spots in which the relative signal is more intense. However it 
appears that there is not a clear correlation with the other images analysed.
«
Figure 8.14 ToF-SIMS ion images of the Gardo cleaned HDGSOl/PMOOl coating IFS. a) AF; b) Zn ;^ c) 
PCF d) Q H F. FOV 500 x 500 pnF.
The study of the IFSs produced for the as received and cleaned HDGSOl has 
revealed a complex nature of the failure between the coating and the substrates, with no 
significant differences revealed between the three systems.
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83.2.3 HDGS05
Within the series of seventeen HDGS panels studied in Chapter 4, three of them 
exhibited a poor adhesion with a UV-cured coating. The HDGS05 is one of these three 
HDGS panels.
The interfaces produced by peeling off the PMOOl from the HDGS05 were 
studied by XPS. In Figure 8.15 the survey spectrum of the metal IFS (Figure 8.15c) and 
of the coating IFS (Figure 8.15d) is given, in comparison with the spectra obtained for 
the substrate and the apphed coating. The surface compositions of the four surfaces are 
given in Table 8.2.
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Figure 8.15 XPS analysis if the HDGS05 coated with PMOOl. a) HDGS05 substrate, b) PMOOl coating,
c) the metal IFS, d) the coating IFS.
Looking at the surface compositions, it can be noticed that the amount of 
aluminium is very low in the two interfaces, being hardly observed in the coating IFS; 
for both interfaces, the aluminium surface concentration is lower than in the HDGS05 
surface. The opposite can be noticed for the zinc, which was found in a higher surface 
concentration in the two IFSs than in the HDGS05. The amount of zinc is similar in the
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two interfaces, with an higher value for the metal IFS, 9.8 at.% against 7.1 at. 
observed for the coating IFS.
Table 8.2 XPS surface quantification (at.%) of the HDGS05 coated with PMOOl and relative IFSs.
Surface C O Zn A1 P N
HDGS05 23.0 57.1 3.0 16.9 - -
Metal IFS 28.6 49.9 9.8 3.3 7.3 1.2
Coating IFS 42.8 42.5 7.1 0.4 6.1 1.2
PMOOl 71.8 27.0 - - 1.2 -
element not observed
Another elements found in higher amount than expected in the two IFSs is the 
phosphorous. In the PMOOl, a concentration of 1.2 at.% was observed while in the two 
IFSs this value is significantly higher, 7.3 at.% for the metal IFS and 6.1 at.% for the 
coating IFS. This difference could originate from a segregation of the adhesion 
promoters, the components of the formulation containing phosphorous, at the 
metal/coating interface.
In both IFS 1.2 at.% of nitrogen was also detected. The nitrogen originates from 
the tape used to strip of the coating, it was not observed either in the HDGS05 nor in the 
PMOOl.
ToF-SIMS was also employed to study the IFSs. Firstly, the HDGS05 was 
completely characterised, acquired spectra and ion images. In Figure 8.16 ion images 
relative to aluminium and zinc are shown, with their overlay. The three images show a 
clear distinction between zinc rich regions and aluminium rich regions.
Figure 8.16 ToF-SIMS positive images acquired for the HDGS05; a) AF, b) ZnF c) overlay of AF(red) 
and Zn  ^(green). FOV 500 x 500 pm .^
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In Figure 8.17 the positive mass spectra of the two IFSs, of the HDGS05 and of 
the PMOOl are given in a selected range (20-140 u).
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Figure 8.17 ToF-SIMS positive spectra of the a) HDGS05, b) metal IFS, c) coating IFS, d) PMOOl.
The positive mass spectra of the metal IFS (Figure 8.17b) and of the coating IFS 
(Figure 8.17c) appear to be quite similar, especially in the range 20-80 u, while in the 
range 80-140 it appears that the spectrum relative to the metal IFS recalls more the 
spectrum of the substrate, while the spectrum relative to the coating IFS recalls the 
spectrum of the organic coating. Peaks relative to the zinc are more intense in the metal 
IFS, while organic peaks, such as (67 u) and CsHç'*' (69 u) are more intense in the 
coating side. Peaks attributed to phosphorous rich fragments can be observed in both 
IFSs, with some fragment more intense in the metal IFS, like the CgHgPO^ at 128 u, 
while others are more intense in the coating IFS, like the PH4 0 4  ^at 99 u.
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S.3.2.4 HDGS12
The third and last panel of the series of HDGS panels studied in Chapter 4 that 
showed a poor adhesion with the PMOOl is the HDGSOl. The HDGS 12 differs from all 
the other panel for a quite strong presence of silicon in the surface (2.5 at.%)
The survey spectra of the HDGS 12, PMOOl and the IFSs produced by peeling 
off the PMOOl from the HDGS 12 are given in Figure 8.18.
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Figure 8.18 XPS analysis if  the HDGS 12 coated with PMOOl. a) HDGS 12 substrate, b) PMOOl coating, 
c) the metal IFS, d) the coating IFS.
In Table 8.3 the surface compositions of the two IFSs, alongside the surface 
compositions of the HDGS 12 and of the PMOOl, are given. A big difference can be 
addressed between the two IFSs, i.e. a strong presence of silicon in the coating IFS, 
while no silicon was observed in the metal IFS. It is important to underline the absence 
of phosphorous in the IFSs, the element that was observed at high concentrations in the 
previous systems examined.
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Table 8.3 XPS surface quantification (at.%) of the HDGS 12 coated with PMOOl and relative IFSs.
Surface C O Zn A1 P Si S Ca
HDGS 12 75.9 17.2 1.0 1.3 - 2.5 - 2.2
Metal IFS 77.7 15.7 1.7 3.2 - - - 1.5
Coating IFS 80.1 13.5 0.8 - - 4.5 0.3 0.8
PMOOl 71.8 27.0 - - 1.2 - - -
element not observed
As can been observed from the XPS surface compositions (Table 8.3), the 
silicon detected on the coating originates from the HDGS 12. In Chapter 4, The ToF- 
SIMS analysis of the HDGS 12 (Figure 8.19), revealed the presence of peaks 
characteristic of the PDMS, peaks listed in the spectrum [125, 131, 136].
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Figure 8.19 ToF-SIMS positive spectra of the HDGS 12, range 27-325 u.
8.3.3 Discussion
The interfacial failure interfaces produced by stripping off the PMOOl, an UV- 
cured coating, from the HDGS panels that showed a poor adhesion have been studied in 
this chapter. For the other panels of the series of seventeen substrates studied in Chapter
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4, no coating/HDGS interfaces were produced as a result of the good adhesion with the 
other substrates.
The IFSs obtained from the HDGSOl/PMOOl systems were the first to be 
analysed; both in the as received and cleaned condition (see Chapter 6) were involved in 
this study.
The XPS analysis of the various IFSs reveals important differences between 
Coating and metal IFSs, i.e. the two sides of the failure. Analysing the surface 
composition of the six IFSs, particular attention has been paid to the amount of zinc, 
aluminium and phosphorous observed. Zinc and aluminium are, as seen in Chapters 4 
and 5, the elements that characterise the most o f the HDGSOl surface. The phosphorous, 
as seen in Chapter 7, is the element that has been used as marker of the adhesion 
promoters included into the coating (see Table 7.1).
For aU the IFSs a higher amount of phosphorous than the one observed in the 
PMOOl is always noticed. These values suggest that the components of the formulation 
containing phosphorous (the adhesion promoters) segregate in the metal/coating 
interface. Segregation of adhesion promoters to metal/coating interfaces has been 
observed previously in systems where different types of organic coatings and metal 
substrates where selected [4]. The adhesion promoters are added in the formulations to 
interact with the metal substrate, in order to form a layer that can estabhsh strong bonds 
with main resin of the coating; for this reason, their segregation to the metal/coating 
interface is not surprising. It is likely than in case of interfacial failure, this 
phosphorous-rich layer present in the HDGS/PMOOl interface is compromised, since 
phosphorous is. detected in both sides of the failure. The amount of phosphorous is 
almost identical in the three metal IFSs, values within a range of 0.2 at.%., while for the 
coating IFSs a wider range of concentrations, almost 2.0 at.%, can be observed. 
Phosphorous concentration is always higher on the metal IFS than on the correspondent 
coating IFS; the ToF-SIMS spectra also revealed a stronger presence of phosphorous 
fragments in the metal IFSs than in the coating IFSs. This should indicate the 
phosphorous rich layer fracture occurs closer to the coating than to the metal surface. 
The use of ToF-SIMS images has revealed that the phosphorous is present in the entire 
IFSs surfaces. Looking at the various ion images it can be observed that the distribution , 
of the signal attributed to the adhesion promoters, such as PO^ and PO2", is not 
completely homogeneous, indicating that the failure mechanism is quite complex, and
190-
that it does not occur in the same manner in the whole interface. Other information that 
could be extracted from the phosphorous surface concentration on the various IFSs is 
that the phosphorous-rich layer formed at the metal/coating interface is thicker than a 
monolayer. In the adsorption studies presented in Chapter 7, the formation of a 
monolayer was always observed for the adhesion promoters, and the adsorption curves 
showed a plateau at a phosphorous surface concentration of 5 at.%, a value that is lower 
than the phosphorous concentration observed at the various interfaces. Considering that 
likely the phosphorous rich layer is damaged when the IFSs are produced, it can be 
concluded that the thickness of the layer formed at the PMOOl/HDGS interface is larger 
than a monolayer. Studying the adsorption of the two adhesion promoters in Chapter 7, 
it was also indicated that the two adhesion promoter are likely added in excess in the 
formulation. Even though it is unlikely that the principal cause of poor adhesion is that 
the phosphorous-rich layer acts as a weak boundary layer, if it were true the PMOOl 
should have poor adhesion with all the HDGS panels considered, a reduction of the 
amount of adhesion promoters added in the PMOOl formulation could be a way to 
improve the poor adhesion showed between the PMOOl and HDGSOl, 05 and 12.
Regarding the aluminium, a low amount of aluminium was found in the metal 
IFSs, lower than the surface concentration of the metal substrates (about 13 at.%), while 
no aluminium can be observed in the coating IFSs. In the previous chapter, studying the 
adsorption of the adhesion promoters, it was concluded that the aluminium oxide is 
dissolved when exposed to a phosphoric solution [55, 133, 135]. In section 7.6 it was 
observed that the influence of the adhesion promoter on the surface chemistry o f the 
HDGSOl, such as the dissolution of the aluminium layer, depends on the time. The 
observation of the aluminium on the metal IFSs suggest that the time required to the 
application and following curing of the coating is not enough to remove completely the 
aluminium oxide layer, and that after the coating curing this oxide layer is not affected 
any further. The aluminium left on the metal IFSs was studied by fitting the A12p high 
resolution. The results of the fitting show that the remaining aluminium, which it is not 
dissolved, does not interact with coating, since the same two components, oxide and 
metal, that characterise the original substrates were observed. Traces of aluminium were 
found by ToF-SIMS in the three coating IFSs; it could be a result of the aluminium 
present in the boundary grains of the zinc coating [52], assuming that some parts of the 
zinc coating originally covered by the aluminium/zinc oxide layer are exposed to
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atmosphere, to the aluminium dissolved in the organic coating, or to traces of 
aluminium oxide stripped from the metal surfaces. In case of the first possible scenario, 
no phosphorous should be observed in correspondence of the underneath zinc coating 
exposed, while phosphorous covers the whole surfaces. It is also unlikely that the 
aluminium observed by ToF-SIMS in the coating IFSs originates from the metal 
dissolved in the coating; looking at the ToF-SIMS images it can be noticed that usually 
the aluminium signal is stronger where the signal attributed to the resin is less intense. 
The aluminium detected on the coating results from traces of oxide stripped from the 
metal substrates. The absence of aluminium by XPS indicates that the amount of 
aluminium oxide removed from the coating is extremely small, and that the adhesion 
failure does not take place within the aluminium oxide layer present in the coated 
HDGS. This suggests that the remains of the original aluminium oxide layer do not act 
as a boundary layer.
The amount of zinc observed in the various IFSs is generally higher than in the 
corresponding substrate, with the coating IFS produced stripping off the PMOOl from 
the Gardo cleaned HDGSOl being the only exception. A higher amount of zinc on the 
metal IFSs than in the relative substrate, observed also in the ToF-SIMS spectra, can be 
explained by the hypothesis that the aluminium oxide layer is partially dissolved when 
the coated is applied. A high amount of zinc in the coating IFSs could indicate that zinc 
is part of the phosphorous rich layer formed at the coating/metal interface. During the 
adsorption studies the hypothesis that the zinc reacts with the adhesion promoter, 
leading to the deposition of a zinc-phosphate layer, was formulated. To ascertain this 
hypothesis the high resolution Zn2ps/2 peaks were fitted. The result of the various fits 
reveal the presence of a component at around 1019.5 eV attributed to zinc phosphate 
[115], both for the coating and metal IFS. The relative intensities of the three 
components used for the fittings (oxide, metallic and phosphate) are very close to the 
relative intensity observed during the adsorption study, suggesting a quite similar 
scenario to the one described in the previous chapter. Evidences of interactions between 
zinc and adhesion promoters, and formation of a zinc-phosphate layer can be also found 
in the ToF-SIMS data. In the spectra relative to the IFSs, both coating and metal side, is 
it possible to observe peaks attributed to fragments generated by zinc -  adhesion 
promoter interaction, such as the peak at 127 u attributed to ZnP02^. Also the ion 
images attributed to zinc and phosphorous fragments have generally the same spatial
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pattern, confirm that these two elements are linked. As mentioned previously, it is 
unlikely that the failure originates within this layer; since the coating was applied to the 
various HDGS panels at the same conditions, it is very likely that the same reactions 
described for the HDGSOl occur for each panel, such as the formation of the zinc 
phosphate layer. If it were the cause of poor adhesion, similar results should be 
observed for all the panels.
In Chapters 5 and 6, it was concluded that a good adhesion is established when a 
thin zinc oxide layer is present in the outermost layer of the HDGS surface. In Chapter 7 
it has been said that when the organic coating is apphed, part of oxide layer covering the 
zinc coating, a mixture of aluminium and zinc oxide, is dissolved; in the competitive 
adsorption it was also observed that the resin has a preference for the aluminium rich 
regions while the adhesion promoters for the zinc rich regions. It is likely that when the 
coating is apphed, the main resin covers part of the aluminium rich regions, avoiding a 
complete dissolution of the oxide layer from the adhesion promoters. When the layer 
given by the reaction of zinc and adhesion promoters is formed, it covers the whole 
HDGS surface. This zinc phosphate layer cannot establish a strong interaction in the 
regions where the aluminium layer is still present. And it is in these regions where 
adhesive failure takes place. The fracture formed in these regions then propagates in the 
rest of the coating within the zinc-phosphate layer, causing the poor HDGS/coating 
adhesion.
Regarding IKB and Gardo cleaned HDGSOl, the survey spectra of the metal 
IFSs have a very similar shape to the spectrum relative to the metal IPS produced from 
the as received HDGSOl, with the same background after each peak; this indicates that 
the various elements observed occupy the same layer in the three surface, alongside 
being in a very similar amount, as observed in Table 8.1. In agreement with the XPS 
data, the ToF-SIMS spectra of the three metal IFSs are very similar, with the various 
spectra characterise by a quite strong presence of zinc peaks, stronger than in the 
correspondent substrate, and of peaks attributed to phosphorous-rich fragments. As for 
the metal IFSs, the three coating IFSs reveals several similarities in terms of surface 
composition, indicating that they were obtained with the same mechanism. Even the 
ToF SIMS spectra relative to the three coating IFSs are very similar. At a first glance it 
could appear that the coating IPS of the IKB cleaned system (Figure 8.9) is very 
different from the other two (Figures 8.4 and 8.12). This is due to the presence o f two
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very intense peaks at 73 and 147 u, peaks assigned to C4H9 0  ^ and to C6H n 0 4 .^ These 
peaks can be observed also in the other two spectra, with a lower intensity. The 
difference is hkely due to the substrate, in fact studying the cleaned HDGSOl it was 
noticed an high intensity for this kind of fragments.
The same adhesion failure mechanism occurs for the as received, IKB cleaned 
and Gardo cleaned HDGSOl.
Another panel to show a poor adhesion with the PMOOl is the HDGS05. The 
investigation undertaken for the HDGS05 has revealed many similarities with the 
HDGSOl. As for the HDGSOl, the HDGS05 is characterised by the presence of well 
defined regions, aluminium rich regions and zinc rich regions, as shown by the ToF- 
SIMS images (Figure 8.16). This is a very important point that vahdates what assumed 
in Chapter 5.
The similarities between the two HDGS panels are reflected in the IFSs 
produced for the two systems. Comparing Figures 8.3 and 8.15 it can be noticed how 
spectra present the same pattern, and how close are the surface compositions for the 
IFSs. The amount of phosphorous detected is a little lower than for the HDGSOl in the 
metal IFSs, while is a httle higher for the coating IFS. Regarding the zinc, less zinc than 
in HDGSOl is observed in both IFSs, while the aluminium in more abundant than for 
the HDGSOl. These differences are due to the different compositions of the two 
substrates, with the HDGS05 having more aluminium (16.9 at.% against 13.8 at.%) and 
less zinc than the HDGSOl (3.0 at.% against 9.0 at.%). The nitrogen detected in the two 
IFSs is due to contamination that affected the analysis, since no nitrogen is present 
neither in the substrate nor in the coating; also, the ToF-SIMS spectra do not show the 
presence of fragments containing nitrogen.
As for the HDGSOl, a mixture of adhesive (coating/aluminium oxide) and 
cohesive (within the phosphorus rich layer) failure is responsible for the poor adhesion 
with the PMOOl.
The HDGS 12 is a completly different case from the other two panels. No 
phosphorous is observed in the two IFSs, while a strong presence of this element, 
characteristic o f the adhesion promoters, characterises the IFSs previously investigated. 
In Chapter 4, discussing the surface composition of the HDGS 12, it was concluded that
194
the presence of a silicon-rich layer was responsible for poor adhesion. ToF-SIMS 
analyses (Figure 8.19) have established that the silicon originates from PDMS.
A strong presence of silicon, higher than in the substrate, in the coating IFSs, 
alongside the absence of sihcon in the metal IFS and of aluminium and zinc from the 
coating IFSs suggests that the PDMS layer bonds with the coating, and that is 
completely removed when the coating is stripped off.
The presence of the PDMS layer is responsible for the poor adhesion between 
the HDGS 12 and the PMOOl.
8 ,4  C o n c lu s io n s
When the PMOOl is applied to a HDGS panel, the phosphorous based adhesion 
promoters migrate to the coating/HDGS interface. The surface of the HDGS is strongly 
influenced by the adhesion promoters since the aluminium oxide layer is almost 
completely dissolved and the zinc reacts with them to form a zinc phosphate phase in 
the coating/HDGS interface.
The zinc phosphate layer does not interact strongly in the regions that maintain 
the original aluminium oxide layer, giving as result poor adhesion between the coating 
and the HDGS substrate. For the HDGSOl and HDGS05, an interfacial failure generates 
in the regions where aluminium is still present, to propagate within the zinc phosphate 
layer, determining the poor adhesion.
In case of HDGS 12 the failure is caused by the presence of a PDMS layer in the 
metal substrate. This layer after interacting with the coating is easily peeled off.
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HDGS: Surface Chemistry 
and interaction with UV- 
Cured Coatings
Two main issues are common to all industries: cutting the costs and reducing the 
environmental impact of their production. The gradual reduction on the use of organic 
solvents, by developing UV-cured systems, and the abandonment of environmentally 
unfriendly metal pre-treatments, such as phosphating and chromating, are the most 
significant steps made by the coil coating industry to achieve the fixed goals.
In order to develop a new class of coatings, which guarantee a similar level of 
quahty and durability, a high understanding of the coating formulations and of the metal 
substrate surface chemistry are necessary; acquiring these sohd basis, it would be 
possible to understand how they interact, and how it is possible to improve their 
interaction.
Introducing the work presented in this thesis, the following points were stated as 
aims of the project:
■ To fully understand the HDGS surface chemistry from a number of
European suppliers.
■ To establish the responsible for good/bad adhesion.
■ To evaluate the effects of different cleaning processes on HDGS surface
chemistry and adhesion.
■ To investigate the interaction of single components of a UV-cured
coating with HDGS.
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■ To model the coating/HDGS adhesion and subsequent interfacial failure.
■ To suggest a framework for the development of a new class of 
environmental friendly coating exhibiting good adhesion with un-treated 
HDGS
By achieving these aims, it has been possible to acquire a better picture of 
HDGS surface chemistry and how the HDGS interacts with the selected UV-Cured 
coating.
HDGS Surface Chemistry
The investigation of seventeen panels, obtained from different production lines 
from several European manufactures, has shown how the surface chemistry of HDGS 
panels can vary from panel to panel. The differences reflect the several parameters that 
can be modified within a galvanising line, parameters such as zinc bath conditions, 
process speed and post-galvanise treatments. '
A common characteristic of the various panels analysed is a significant presence 
of aluminium on the surface, as a result of its segregation to the zinc coating surface [39, 
44]. Aluminium is always added in the zinc to prevent the formation of a brittle zinc- 
iron layer that compromises the properties of the galvanised steel [10, 13, 18, 19, 35].
However, having the surface composition of a panel it is not possible to predict 
the adhesion properties. HDGS panels with similar surface compositions, in terms of 
zinc and aluminium concentrations and relative ratios, have given opposite results in 
terms of adhesion with a prototype epoxy-acrylate UV-cured coating. Neither it is 
possible to predict the adhesion performances from the level of carbon, since good 
adhesion has been shown by panels with very different values. The sole use of XPS is 
therefore not sufficient to fully characterise the HDGS surface chemistry, and to predict 
its adhesion properties. Surface techniques with higher lateral resolution, AES and ToF- 
SIMS, must be employed to understand the reasons of such different properties (first 
two proposed aims of this work).
Two panels, one showing good adhesion and the other showing poor adhesion, 
have been chosen and fully characterised by undertaking a high lateral resolution study.
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The two selected panels showed a high level of surface cleanliness, i.e. a low level of 
carbon, and a similar surface composition.
Both panels are characterised by an irregular surfaces, where it is possible to 
distinguish depressed and raised regions. The irregular topography can be attributed to 
the skin-pass process [50]. In case of the HDGS panels showing poor adhesion, the two 
regions differ not only in topography but also in surface chemistry, while for the panel 
showing good adhesion a similar surface chemistry was observed in depressed and 
raised regions; scale of topography was similar to both but clear differences in terms of 
the chemistry zinc and aluminium oxide.
The presence of a very thin zinc oxide layer covering the aluminium oxide was 
observed in the depressed regions, for both panel; the zinc oxide coverage is hmited to 
the depressed regions in case of poor adhesion, while in case of good adhesion is 
coverage is extended to the whole surface. A high coverage of zinc oxide can so be 
indicated as responsible of good adhesion. A schematic representation of the surface of 
the two HDGS panels is given in Figure 9.1, highlighting the main difference between 
the two panels, i.e. the coverage of the zinc oxide layer over the whole surface.
The various analyses undertaken on the two samples have established that the 
oxidised zinc layer is not in contact with the zinc coating. Its presence can be explained 
as effect of the skin-pass process on the HDGS surface. With the skin-pass the 
aluminium oxide layer is smashed and partially removed from the coating [50], but also 
pressed in the zinc coating. As consequence there is not a clear interface between the 
aluminium oxide layer and the underneath zinc coating. Moreover, during the process is 
likely that some fragments of the zinc coating is exposed and oxidised, being re­
deposited and pressed over the aluminium oxide layer by the rolls employed for the skin 
pass process. The skin-pass process has a great importance in determining the final 
properties of the HDGS, more than reported in hterature [39, 44].
Surface analysis techniques not only allow to reach a deep understanding of the 
HDGS surface chemistry, but could also been employed to quickly predict which 
HDGS panels are going to give good adhesion. By employing a very simple XPS 
analysis, HDGS panels exhibiting a high level of silicon could be quickly discarded, 
while a slightly more complex AES investigation could help to select the best 
possibility between panels characterised by a similar surface composition.
198-
Oxidised zinc 
(<1nm)
Aluminium oxide 
(<3nm)
Zinc metal
Oxidised zinc 
(<1nm)
Aluminium oxide 
(<3nm)
Zinc metal
Figure 9.1 Surface chemistry of HDGS showing poor adhesion (top) and good adhesion (bottom).
The HDGS surface chemistry can be modified by employing cleaning processes 
at the end of the galvanising line. Water based cleaning processes can be easily 
implemented either in the galvanising and coil coating hue, without requiring an 
excessive increase in the production costs thanks to the lower costs of the materials used 
and in comparison of traditional pretreatment such as chromating and phosphating. For 
this reason, alongside being more environmental friendly than processes such as 
chromating and phosphating, the use of water based cleaned process is one of the paths 
explored by the coating industry to improve the product performances.
Strong basic solutions are usually employed in the HDGS technology, with the 
well known effect to remove the aluminium oxide [40, 45, 52]. The effect of three 
different solutions of different pHs on the surface chemistry of a HDGS panel showing 
poor adhesion properties. An acidic solution, a weak basic solution and a strong basic 
solution have been employed in the study.
Only the strong basic solution had improved significantly the adhesion 
properties of the panel, while the other two had only a small influence. Relating the 
adhesion properties with the surface chemistry of the cleaned panels, it has been 
observed a direct correlation between the increase of zinc oxide coverage on the HDGS
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surface and the adhesion exhibited. These results confirm the hypothesis that a presence 
of zinc oxide on the outermost layer of the HDGS surface leads to a good adhesion with 
the selected coating.
To fully understand the HDGS surface chemistry it is extremely important 
having all the information about the galvanising process, in order to be able to relate the 
effect of the various parameters, such as bath composition and temperature, skin pass 
process, galvanising speed, etc., on the final surface chemistry. In this research work 
this has not been possible.
HDGS/UV~Cured Coating Interaction
The interaction between the HDGS and a prototype epoxy-acrylate UV-cured 
coating has been investigated through adsorption studies of the three main components 
included in the coating formulation, and through the analysis of the interfacial failure 
surfaces produced stripping of the coating from the panels showing poor adhesion.
In the adhesion studies the coating resin and the two adhesion promoters 
included in the formulation have been selected as adsorbate since they are the main 
components of the coating, while a HDGS panel showing poor adhesion, employed both 
as received and after being cleaned with a strong basic solution, has been selected as 
substrate, in order to have a substrate whose surface is mainly composed by aluminium 
oxide (poor adhesion) and a substrate that is mainly zinc oxide (good adhesion).
The adsorption studies have shown that the epoxy-acrylate resin does not 
interact strongly with the substrate. The study of the adsorption of the main resin in the 
two regions that typify the HDGS, and comparison of the adsorption in the two 
substrates do not show any significant difference in the adsorption in the aluminium rich 
regions and in the zinc rich regions, suggesting that the resin is not responsible for the 
adhesion of the coating.
Very different results have been observed with the adsorption of the adhesion 
promoters. The adsorption of these two chemicals leads to a drastic modification of the 
HDGS surface chemistry. The original oxide layer (zinc oxide plus aluminium oxide) 
covering the zinc coating is dissolved when the HDGS is exposed to solutions of 
medium-high concentration (4.0 x lO'^g/L or more) [55, 133, 135], and the migration of
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the aluminium present in the boundary grains of the zinc coating is promoted [52]. 
These modification induced are clearly visible in both substrate. For the as received 
HDGS is not possible to observed any distinction between aluminium rich regions and 
zinc regions, while for the HDGS cleaned with strong basic solution, an high amount o 
aluminium is observed, when almost no aluminium was observed for the reference 
substrate.
The adhesion promoters induce these modifications even in presence of the main 
resin, as shown by the competitive adsorption studies. The other important information 
that has to be extracted from the competitive adsorption studies is that when the resin 
and the adhesion promoters are adsorbed simultaneously, the resin seems to show a 
preference for the aluminium rich regions while the adhesion promoters for the zinc rich 
regions. It has been possible to observed this when the adhesion promoter concentration 
was not sufficient to fully modify the surface as described above. It has also observed 
that the adhesion promoters interact with the substrate more quickly than the resin.
Of the two modifications induced in the HDGS surface by the adhesion 
promoters, only the dissolution of the aluminium layer takes place when the coating is 
apphed. However, a certain amount of time is required to completely dissolve the oxide 
layer; the dwell time of the un-cured coating on the HDGS substrate in a typical coil 
coating processes is sufficient to dissolve completely the original oxide layer.
The migration of the aluminium from the boundary grains to the surface of the 
zinc coating requires a high mobility in the systems. When the coating is applied, the 
viscosity of the organic system is so high that cannot penetrate in the zinc coating and 
consequentially promote the migration of the aluminium.
Independently from the viscosity and concentration of the solution used, and 
from the time of interaction, the adhesion promoters always react with the zinc. As 
result a zinc phosphate layer is originated. This layer is then deposited/adsorbed on the 
new surface of the HDGS.
Most of the hypotheses formulated during the adsorption studies have been 
confirmed by the investigation of the interfacial failure surfaces produced stripping off 
the UV-cured coating from the HDGS panels that showed poor adhesion.
In all of the IFSs analysed, a stronger presence of phosphorous than in the 
coating surface was observed, indicating a concentration of adhesion promoters, the 
main sources of phosphorous, at the HDGS/coating interface. The chemical nature of
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this layer is identical to the one observed during the adsorption studies, i.e. zinc 
phosphate. In the metal IFSs the distinction between aluminium rich regions and zinc 
regions was lost because of the action of the adhesion promoters. The amount of the 
aluminium detected in both sides of the failure confirms that the original oxide layer is 
dissolved, even though not completely. It is likely that during the application of the 
coating, the resin cover some of the aluminium rich regions present in the surface. The 
adsorbed resin acts as a shield for the aluminium oxide, preventing its dissolution.
Investigating the HDGS surface chemistry it was proposed that a low coverage 
of zinc oxide, with consequent presence of aluminium oxide on the outermost layers, 
leads to poor metal/coating adhesion. The analysis of IFSs seems to confirm this 
hypothesis.
It is likely that the formed zinc phosphate layer cannot establish a strong 
interaction with the regions where the aluminium oxide was maintained. An adhesive 
failure originates in these regions and then propagates in the rest of the interface causing 
a cohesive failure within the zinc phosphate layer. Other possibilities, such as pure 
adhesive failure or cohesive failure with the HDGS or the coating, would not explain 
why the poor adhesion occurs only in few panels.
This mechanism explains the poor adhesion of two of the three panels. For the 
third one the cause of poor adhesion is the presence of a PDMS layer, likely due to 
silicon contamination; the PDMS layer does not interact strongly with the HDGS, so 
when the coating is applied it sticks to the coating, peeling easily off from the metal 
surface. A schematic view of the PMOOl/HDGS interface, and how the failure occurs 
are given in Figure 9.2.
Failure Origin
(Interfacial failure)Failure Propagation 
(Cohesive failure)
PM001
Zinc
Phosphate
A lum in ium
Oxide
Zinc
Oxide
Figure 9.2 Schematic view of the PMOOl/HDGS interface and of the proposed failure mechanism.
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The UV-cured coating employed in this study has shown good adhesion with 
thirteen of the seventeen HDGS panels considered, so it could be affirmed that it can 
effectively interact with the HDGS surface.
What could be attempted to improve the coating performance is a reduction of 
the quantity of adhesion promoters added in the formulation, since the adsorption 
studies have shown that they are added in excess. Also, given the several similarities 
between the two adhesion promoters, it is likely that the use of both components is not 
necessary.
A reduction of concentration of adhesion promoters in the coating formulation 
could lead to a reduction in thickness of the interfacial layer, and maybe to a reduction 
of the possibility of breaking it. Of course, reducing the quantity of chemicals used will 
imply also a cost reduction that is always a remarkable point. This action should be 
undertaken very carefully, since a certain concentration is need to effectively mofify the 
HDGS surface.
Another consideration can be mad is that the inclusion of silicon-based adhesion 
promoter is not suggested since likely they want estabhsh any strong interaction with 
the HDGS substrate.
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Conclusions and 
Future Work
The analysis of seventeen HDGS, produced by different manufacturers, has 
revealed a great variety of surface compositions, however common features for all the 
samples have been established, such as a strong presence of aluminium oxide on the 
surface, and a quite complex distribution of zinc, with zinc oxide in the outermost layer 
and metallic zinc covered by the aluminium oxide.
Even though XPS is a powerful technique to characterise the HDGS surface the 
use of surface analysis techniques with higher lateral resolution, such as ToF-SIMS and 
AES is necessary to elucidate the distribution of zinc and aluminium on the HDGS 
surfaces, and the reasons of different adhesion properties.
The high lateral resolution analysis seem to indicate that the surface of HDGSOl 
(poor adhesion) is characterised by two distinct regions: raised regions, with a lower 
amount of zinc, only in the metallic state, indicating a continuous AI2O3 overlayer, and 
depressed regions with a higher amount of zinc, present both as metal and oxide. A 
similar surface topography was observed for the HDGS02 (good adhesion), but the zinc 
oxide was observed in almost all regions. If the XPS were not sufficient to explain what 
was responsible for a good adhesion, from the Auger and ToF-SIMS results it can be 
concluded that the presence of a well diffused zinc oxide layer on the outermost surface,
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resulting from greater aluminium oxide fragmentation, determines the good adhesion 
between coating and metal.
The HDGS surface chemistry can be modified by employing cleaning processes 
of different pHs. The effects of three different cleaning solutions on the HDGS surface 
chemistry have been tested. The acidic and the weak basic solutions did not modified 
significantly the surface chemistry of the HDGSOl, neither they improved the adhesion 
properties, while the strong basic solution dissolved the aluminium oxide layer, 
improving dramatically the adhesion properties of the HDGSOl.
The adsorptions studies have shown that the resin forms a monolayer on the 
substrate. Using ToF-SIMS imaging, it has been possible to differentiate the resin 
adsorption for the different regions that typify the HDGS surface chemistry. It was 
found that the adsorption sites in aluminium rich regions and zinc rich regions are 
equivalent. The adsorption of the resin did not induce any modification on the HDGS 
surface chemistry. The formation of a monolayer was also observed for the NaOH 
cleaned HDGSOl, with a comparable level of resin adsorbed.
The adsorption of the two adhesion promoters leads to the dissolution of the 
original oxide layer present on the HDGS surface, and to the migration of the 
aluminium present in the boundary grains of the zinc coating to the coating surface. The 
presence of the resin does not influence the action of the adhesion promoters. However, 
the viscosity o f the system plays an important role. For high viscosity systems, like a 
real coating, only the dissolution of the oxide layer is observed. The adhesion promoters 
also react with the zinc forming a zinc phosphate layer that is deposited on the HDGS 
surface. When the resin and the adhesion promoters are used together, the resin shows a 
higher affinity for aluminium rich regions, the adhesion promoters for zinc rich region.
The study of the interfacial failure analysis indicates that the failure is originated 
in correspondence of the aluminium rich regions left in the surfaces, to propagate then 
in the rest of the coating, causing a cohesive failure within the zinc phosphate layer 
present in the HDGS/coating interface.
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A different scenario was observed for the HDGS 12, for which the poor adhesion 
depends on the presence of a PDMS layer, due to the excess of silicon in the zinc bath.
To extend the work of this research project, it is suggested that the following 
courses of action would be beneficial:
■ To study the surface chemistry of a HDGS panel after each step o f the 
galvanising line, having the complete production history, in order to be 
able to relate the influence of the various processes on the final product.
= To implement in the coating formulation the modifications suggested, 
verifying their effectiveness in improving the adhesion of the coating.
« To extend the adsorption studies to other resin and adhesion promoters, 
aiming to understand which components would be beneficial for a new 
UV-cured coating formulation.
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Surface characterization of polyester resins 
formulated with different cross-linking agents
Paolo Marino/* Chris Lowe,*  ^Marie-Laure Abel® and John F. Watts®
Three thermally cured coatings, formulated on a low Tg isophthalic-based polyester, were investigated by XPS and ToF-SIMS. 
A model formulation was employed for all three coatings investigated; however, the cross-linking agents used were varied for 
each formulation. Hexamethoxymethyl melamine (HMMIVI), tris-isocyanurate (TIC), and a combination of HMIVIM and TIC were 
included as the cross-linking agents. The use of TIC alone required a tin-based catalyst to promote the curing reaction.
The aim of this work was to investigate the difference in the surface compositions of the three coatings and the distribution 
of the different cross-linking agents used. This was in preparation for further studies which will involve interfacial analysis in 
order to elucidate the mechanism responsible for intercoat adhesion.
The XPS analysis of the coating surfaces revealed a nitrogen concentration consistent with the concentration expected from 
the formulation for the coating containing HMMM. In the other two formulations a lower concentration than calculated was 
observed. The surface concentration of the two cross-linking agents was not influenced by the presence of the others; indeed, 
the formulation containing both cross-linking agents was, in terms of nitrogen concentration, merely a simple combination 
of the other two coatings. Peaks diagnostic of the cross-linking agents were observed in ToF-SIMS spectra acquired from 
the coating surfaces. By using XPS and ToF-SIMS analysis, we could determine that the HMMM and the TIC have a different 
distribution at the coating surface, that is not affected by the presence of the other. Copyright (£) 2008 John Wiley & Sons, Ltd.
Keywords: coil coating; polyester; XPS; ToF-SIMS; cross-linker
In troduction
Coil coating is an industrial process widely used to apply a paint 
layer to metal coil stock, in order to improve the resistance to 
corrosion as well as the aesthetics of the surface. The purpose in 
applying a coating is to improve the resistance to external agents 
of the metal substrate to which the coating is applied to, and to 
modify its aesthetic properties as well. A coating is expected to 
last for a very long period, at least 20 years in case of coil coatings. 
In order to achieve this, all the processing conditions, temperature 
and time of curing process, in case of thermally cured coatings, 
have to be settled properly and specific components have to 
be included in the formulation. A crucial component in every 
thermally cured coating formulation is the cross-linking agent.
The role of the cross-linking agent is to cross-link the polymer 
chains of the basic resin, to give consistency to the final coating. In 
previous works,^ ’-^  ^the coating surfaces of several samples based 
on hexamethoxymethyl melamine (HMMM) have been extensively 
investigated. The aim of this work was to study a coating cured 
using different cross-linking agents, tris-isocyanurate (TIC), HMMM 
and a combination of the two, to develop cross-linked coatings, in 
order to understand the effect of the cross-linking agents on the 
surface chemistry. Future work will be aimed at understanding the 
interfacial chemistry responsible for adhesion.
Apart from the cross-linking agent, the only difference between 
the three samples was the presence of a tin-based catalyst in the 
sample with TIC as the only cross-linking agent. All formulations 
included a poly(acrylic) flow aid agent.^ ’  ^ The curing time and 
temperature were the same for all the systems. Hereinafter, the 
samples will be called with the name of the cross-linking agent 
used, namely HMMM, TIC, and COMB (combination) where both 
are used.
Surface analysis
The XPS analyses were performed using a modified VG Scientific 
ESCALAB Mk II electron spectrometer equipped with a Thermo 
Alpha no electron energy analyser and a Thermo XR3 digital 
twin anode source, which were operated using the AIKa at 300 W. 
Survey spectra (0-1350 eV) were recorded using a pass energy 
of 100 eV and a step size of 0.4 eV. High-resolution spectra were 
recorded using a pass energy of 20 eV and a step size of 0.1 eV for 
the CIs peak and of 0.2 eV for other corelines. The spectrometer 
was controlled by a Thermo Avantage datasystem, that was also 
used for subsequent data processing.
Time-of-flight (ToF)-SIMS spectra were acquired on an ToF.SIMS 
5 (lON-TOF GmbH), using Big+ as primary ion beam, operating in 
the high current bunched mode, over an area of 100 x 100 pm,
Experim ental
Sample preparation
Three thermally cured coatings, formulated on a low Tg 
isophthalic-based polyester. Fig. 1, were studied. A model formula­
tion was employed for all three coatings, however, the cross-linking 
agent used (Fig. 2), varied for each formulation.
* Correspondence to: Paolo Marino, The Surface Analysis Laboratory, Faculty of 
Engineering and Physical Sciences, University of Surrey, Guildford, Surrey, GU2 
7XH, UK. E-mail: p.marino@surrey.ac.uk
a The Surface Analysis Laboratory, Faculty of Engineering and Physical Sciences, 
University of Surrey, Guildford, Surrey, GU2 7XH, UK
b  Becker industrial Coatings Ltd, Goodiass Road, Speke, Liverpool, L24 9HJ, UK
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Figure 1. Structure of the basic resin.
at a resolution of 64 x 64 pixels. During the analysis, a flood 
gun was used to compensate for the samples charging. All the 
analyses were performed under the SIMS static limit, i.e. ion dose 
<10^  ^ions cm~ .^
Results
XPS analysis
A survey spectrum was recorded for every coating: Cl s, 285 eV; 
01s, 532 eV; and N1s, 400 eV are the main peaks in the survey 
spectra. The SnSd doublet, at 487 and 495 eV, is a feature of the 
survey spectrum of the TIC. The high-resolution peaks were used 
for the quantification of the samples. The surface compositions of 
the three coatings are given in Table 1.
Peak-fitting was used to identify all the components in the 
carbon spectra. The same full width at half-maximum (FWHM) 
was used for all the components in the fitting of the three CIs 
peaks, at a value of 1.36 eV. It has been noted that the resolution
Table 1. Coating surface compositions (at.%)
C 0 N Sn
HMMM 69.6 29.0 1.4 -
TIC 71.3 27.4 1 . 0 0.3
COMB 69.6 28.0 2.4 -
obtainable with the Alpha 110 and monochromated X-rays was far 
superior to that achievable on the standard ESCALAB Mkll. For the 
fitting of the high-resolution spectra, the relative ratios between 
components, and their binding energies, taking for reference the 
binding energies established by Beamson and Briggs,^ ^^  that were 
consistent with our previous work,^ ^^  were used to ensure a good 
quality work. Knowing the proportions of the different kinds of 
carbon present in the material, such as the carbon atoms in 
the HMMM ring, careful peak-fitting may be performed. Those 
fittings are consistent with respective nitrogen concentration 
demonstrating their good quality. In Fig. 3 the CIs of COMB is 
shown. Eleven different components are used for the fitting. Five 
components originated from the basic resin, three from each 
cross-linking agent. The fitting of the other two samples required 
the use of eight components. The peaks used in the fitting, and 
their surface concentrations are reported in Table 2.
ToF-SIMS analysis
Positive and negative spectra were acquired for the three samples, 
in the 0-800 mass/u range. The general pattern of the spectra.
B = Methyl Ethyl Keto Oxime (B)
CH3 -(C=N0 H)-CH2 -CH3  hn -c=o  
(CH2)6
CH3 0 CH2\^ /C H 2 0 CH3
N ^N
CH30CH2^^/L^<&^^CH20CH3
CH3 OCH2
(B) (B)
Figure 2. The structure of the two cross-linking agents used. On the left the TIC, on the right the HMMM.
CH2OCH3
1800
1600
1400
1200
1000
C
8000
600
400
200
0
C aliphatic*c-c=o
*c-o-c=
0-*C=0 C-O- 
C-0 0 aromatic
N0-*C=0
NN-*C=0 C in HMMM *C-N
294 293 292 291 290 289 288 287 286 285 284 283 282 281 280 
Binding Energy
Figure 3. Fitting of the CIs high-resolution spectrum of the COMB formulation.
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Table 2. Carbon component surface concentrations (at.%)
COMB TIC HMMM
Aliphatic C 21.4 27.0 2 1 . 2
Aromatic C 1 1 . 2 11.9 11.5
c-c=o 1 2 . 2 1 2 . 1 1 2 . 2
C—0— 10.0 8.9 10.5
o-c=o 9.6 9.8 10.4
c-o-c 1.4 - 1.4
N-C-0 1.4 - 1.4
Gin HMMM ring 0.6 - 0.7
C-N 1.0 1.0 -
NN-C=0 0.5 0.5 -
N0-C=0 0.5 0.5 -
ANALYSIS
in Fig. 4, the positive spectrum of the HMMM, both in positive 
and negative, is the same for the three coatings; however, it is
possible to identify some peaks that characterize the two different 
cross-linking agents used. These peaks can be identified more 
easily by checking the high-resolution peaks. Peaks present in the 
TIC spectra are not in those of HMMM, and vice versa. All of these 
peaks can be found also in the COMB sample, which exhibits all 
the peaks yielded by the resin and the cross-linking agents, but 
not the peaks due to the tin catalyst employed in the TIC coating. 
Peaks due to this catalyst appear only in the TIC spectra.
Discussion
The only source of nitrogen was the cross-linking agent, or agents 
used, so using its concentration values, the distributions of the 
cross-linking agents on the coating surface were studied. By 
knowing the precise concentration of the cross-linking agent 
included into the formulation and the N percentage in its structure, 
expected nitrogen values have been calculated for the three 
samples. The observed value is lower than the one expected 
both for the HMMM, observed 1.4%, expected 1,9%, and the TIC,
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Figure 4, Positive ToF-SIMS spectrum of the HMMM formulation in the mass range m/z 0-300 u.
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Figure 5. High resolution peaks characteristic of: flow aid agent (a), HMMM {b),T!C (c) and resin (d). Top spectrum corresponds to  HMMM coating, middle 
to  Tic and bottom  to COMB.
1.0% versus 2.4%. The difference is due to the presence of a layer 
in the surface formed by the flow aid agent included into the 
formulation, which partially covers the counts due to the other 
agents. The thickness of this layer is likely to be influenced by 
the small amount of the flow aid in the formulation, 0.5%, and its 
diffusion through the coating.
Previous studies into coatings cured with melamine had 
demonstrated the migration of the flow aid agent to the coating 
surface, with the formation of a layer, whose thickness was 
estimated to be less than 1 nm.^ '^ According to the data, we 
can assume that the flow aid migrates in the coating surface even
for the coating cured with TIC and with the combination of the 
two cross-linking agents. Its migration is not influenced by the 
cross-linking agent included in the formulation.
The ToF-SIMS spectra confirm the presence of the cross-linking 
agent in the first atomic layer of the coatings. In all the positive 
spectra, a very strong peak at 99 m /z  can be observed. This peak, 
due to the C4 H3 O3 + fragment, is characteristic of the flow aid 
included in the formulation. Considering the SIMS information 
depth, about 2  nm, seeing peaks due to the resin and the cross- 
linking agents is further evidence of our assumption about the 
flow aid layer thickness.
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When the two cross-linking agents were used in combination, 
the nitrogen concentration was equal to the addition of the values 
of two when they were alone. This seems to show that the two 
cross-linking agents do not influence one another. The results of 
the fitting of the CIs peaks, Table 2, seems to confirm this. The 
concentrations of the components originating from the cross- 
linking agents do not change when they are alone and when they 
are used in combination.
According to Hinder the higher the nitrogen concentra­
tion the better the adhesion of a coating with a top coat, so, the 
coating cured with TIC is expected to yield a worse adhesion than 
the coating cured with HMMM, if this hypothesis is correct.
Conclusions
XPS and SIMS were used to investigate the influence of a cross- 
linking agent on the composition of the externai surface of 
various coatings. The two cross-linking agents used showed a 
different distribution, with the HMMM, being more concentrated 
on the coating surface than the TiC. When used together, their 
distributions do not change, as showed by the comparison of the 
nitrogen concentration values and the fitting of the CIs spectra.
The flow aid included in the formulation migrates to the coating 
surface in all the samples, and it is not influenced by the cross- 
linking agent used. The observation of peak characteristics of the 
basic resin and of the cross-linking agent in all the spectra recorded 
indicates that the flow aid layer is thinner than 1 nm.
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Surface Chemistry Characterisation of Hot-Dip Galvanised Steel: 
The Influence on the Adhesion of a Model UV-Cured coating
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Abstract
A series o f temper-rolled (skin-passed) hot-dip galvanised steel (HDGS) samples 
originating from a selection o f manufacturers has been investigated using surface 
analysis techniques, in order to elucidate their surface chemistry. Aluminium and zinc 
are the elements that typify the surface o f HDGS, with aluminium present as oxide 
and zinc in either metallic and/or oxide forms, depending on the HDGS source. The 
HDGS surface is heterogeneous, comprising o f aluminium rich and zinc rich regions. 
The zinc metal coating is completely covered by an aluminium oxide layer, which is 
fragmented in places and intermixed with a very thin zinc oxide layer.
A UV-cured coating was applied to all samples, in order to investigate how the 
adhesion properties o f HDGS varied with HDGS surface chemistry. No clear 
correlation was found between samples exhibiting poor adhesion and the area 
integrating XPS data although surface analysis at high spatial resolution (by AES and
ToF-SIMS) allows the characteristics o f surfaces which exhibit good and bad 
adhesion to be described in terms o f distribution o f zinc rich and aluminium rich 
regions.
K eyw ords: Hot-dip galvanised steel; UV-cured coating; x-ray photoelectron 
spectroscopy; time-of-flight secondary ion mass spectrometry; Auger electron 
spectroscopy.
The Adsorption of an UV-Curable Resin on Hot-Dip Gaivanised Steei: 
a ToF-SIMS Study.
P. Marino^’*, C. Lowe^, M.-L. AbeP and J. F. Watts^
^Surrey Materials Institute and Faculty o f  Engineering & Physical Sciences,
University o f  Surrey, Guildford, Surrey, GU2 7XH, UK.
^Becker Industrial Coatings Ltd, Goodlass Road, Speke, Liverpool, UK.
*E-Mail address: p.marino@surrey.ac.uk
The adsorption o f an acrylated resin, the main component in a commercial 
UV-cured coating, on hot-dip galvanised steel (HDGS) has been studied. The aim o f 
the work was to understand how the resin is adsorbed onto the different regions 
(aluminium rich and zinc rich) that are representative o f the HDGS surface, in order 
to elucidate the mechanism o f the HDGS/coating adhesion.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was employed to 
study the adsorption o f the resiri. Mass spectra and mass-selected maps were recorded 
in the high current bunched mode, using Big"^  as the primary ion. Scatter ratio plots, 
and relative reconstructed images, were used to select the area o f interest.
The adsorptions curves were best described by the Langmuir model, indicating 
that all the adsorption sites are equivalent. The adsorption o f the resin leads to the 
formation o f a monolayer on the surface o f HDGS.
ToF-SIMS ion maps showed the presence o f two well defined regions, 
aluminium rich regions and zinc rich regions. This distinction is not modified by the 
resin adsorption.
The adsorption o f  the resin was studied independently on aluminium rich 
regions and zinc rich regions. The adsorption curves indicate that the amount o f 
adsorbed resin is almost identical in these two regions, with the formation o f a resin 
monolayer in both cases. These results suggest that the resin/HDGS interaction is 
comparable in the aluminium rich and zinc rich regions.
K eyw ords: Adsorption; Hot-dip galvanised steel (HDGS); coil-coating; ToF-SIMS; 
Ion imaging.
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XPS STUDY OF THE INFLUENCE OF A FLOW AID AND OF TWO 
CROSSLINKING AGENTS IN THE SURFACE COMPOSITION OF 
POLYESTER BASED COATINGS
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Introduction
Automotive, architectural, industrial goods are some 
o f  the markets for eoil coatings products. Such different 
applications require products that could satisfy very spe­
cific needs. For this reason, when a coating is formulated, 
the final application has to be well defined. In order to 
obtain the desired features, several additives are included 
in the formulation. Among these additives, the flow aid 
agent and the crosslinking agent play a fundamental role in 
the determination o f  the properties o f  the final product.
The aim o f this work is to investigate how the flow aid 
agent and o f  the crosslinking agents included into a coating 
formulation influence the surface composition o f  polyester 
based coatings, because the surface composition plays an 
extremely important role in determining the adhesion 
properties o f a coating. This work has been done in prepa­
ration for further studies which will involve analysis in 
order to elucidate the mechanisms responsible for intercoat 
adhesion.
B = Methyl Ethyl Keto Oxime 
CH3-(C=N0H)-CH2-CH3 
H P  
N - C = 0
(CH,),
O ^ N ^ O
0 = C -N H  °  N - Ç - 0
I H I
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Figure 1 Structure o f  the TIC.
Experim ental
Two sets o f  thermally cured coatings, formulated on a 
low Tg isophthalic based polyester were studied.
For the first set o f  three coatings, a model formulation 
was employed; however, the crosslinking agent was varied 
for each formulation. The crosslinking agents included in 
the formulation are the tris isocyanurate (TIC), Figure 1, 
hexamethoxymethyl melamine (HMMM), Figure 2, and a 
combination o f  HMMM and TIC. Apart from the 
crosslinking agent, the only differenee between the three 
samples is the presence o f  a tin based catalyst in the sam­
ple with the TIC as the only crosslinking agent.
The second set o f  three coatings was prepared em­
ploying the same formulations used for the preparation o f  
the first set, with the exception o f  the inclusion o f  the 
poly(Acrylie) flow aid agent [1].
Hereinafter, the samples will be identified by the crosslink­
ing agent used, HMMM, TIC and COMB where both were 
used, plus a number to indicate to which set they belong.
CH20CH3v.^/CH20CH3
Vi I
C H ,0 C H 3 ^ ^ A ^ A ^ / C H ,0 C H 3
CH3 0 CH3 CH3 0 CH3
Figure 2 Structures o f  the HMMM.
The XPS analyses were performed using a modified 
VG Scientific ESCALAB Mk II electron spectrometer 
equipped with a Thermo Alpha 110 electron energy ana­
lyser and a Thermo XR3 digital twin anode source, which 
was operated using the A1 Ka at 3 COW. Survey spectra (0- 
1350eV) were recorded using a pass energy o f  lOOeV and 
a step size o f  0.4eV. High resolution spectra were recorded 
using pass energy o f  20eV and a step size o f  0.1 eV for the 
CIs peak and o f  0.2 eV for others. The spectrometer was 
controlled by a Thermo Avantage datasystem.
Results
A survey spectrum (an example is given in Figure 3) 
was recorded for all the samples. Carbon, oxygen and ni­
trogen are the elements always present. The spectra o f the 
coatings cured with TIC exhibit tin peaks as well. Others 
elements, such as strontium and sulphur, are observed for 
the coatings formulated without the flow aid agent.
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Figure 3 Survey spectrum o f the TIC-1.
Peak-fitting was used to identify all the components in 
the carbon spectra. The same full width at half-maximum 
(FWHM) was used for all the components in the fitting o f 
the three C Is peaks, at a value o f 1.36 eV. It has been 
noted that the resolution obtainable with the Alpha 110 and 
unmonochromated X-rays is far superior to that achievable 
on the standard ESCALAB M kll. For the fitting o f the 
high resolution spectra, the relative ratios between compo­
nents, and their binding energies, taking as a reference the 
binding energies established by Beamson and Briggs [2], 
what are consistent with our previous work [3], were used.
Components originated from the basic resin, five func­
tionalities, the HMMM, three functionalities, and from the 
TIC, three functionalities, were used for the peak-fitting. 
So, the peak-fittings o f the C Is for the samples COMB-1, 
shown in Figure 4, and COMB-2, have required eleven 
different components.
NN-*C=0 C in IIMMM
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The different kinds o f  carbon present in the flow aid 
give components extremely close in energy to components 
originating from the base resin. For this reason, no addi­
tional peaks from the flow aid agent were used in the peak- 
fitting.
Discussion
Analyzing the results obtained from the quantification of 
the surface composition o f the samples, particular attention 
should be paid on the nitrogen concentration, values given 
in Table 1. The only source o f nitrogen is the crosslinking 
agent, or agents, used, so using its concentration values, 
the distributions o f  the crosslinking agents in the coating 
surface were studied.
Table 1 Nitrogen atomic concentration at the surface o f
Theoretical 
N (at. %)
Observed N (at. %)
Set I Set 2
COMB 3.8 2.4 5.2
TIC 2.3 1.0 >0.1
HMMM 1.9 1.4 4.5
Figure 4 Fitting o f the C Is  high resolution spectrum o f the 
COMB-1 formulation.
W hen the flow aid agent is included into the formula­
tion, a lower nitrogen concentration is observed for all the 
samples. For the sample COMB-1, the nitrogen concentra­
tion is equal to the sum of the values observed for the two 
samples where only a crosslinking agent was used. This 
indicates that the surface concentration o f one crosslinking 
agent is not influenced by the presence o f  the other.
The results o f  the fitting o f the C Is  peaks confirm this 
hypothesis. The concentrations o f  the components originat­
ing from the crosslinking agents do not change when they 
are alone and when there are used in combination.
Previous studies into coatings cured with melamine 
[I] had demonstrated the migration o f  the flow aid agent in 
the coating surface. According to the data, we can assume 
that the flow aid migrates in the air/coating surface even 
for the coating cured with TIC and with the combination o f 
the two crosslinking agents, so, this migration is not influ­
enced by the crosslinking agent included in the formula­
tion.
When the flow aid agent is not included into the for­
mulation, the results are quite different. First o f all, in the 
survey spectra, elements from other additives included into 
the formulations, such as strontium from the anti-corrosive 
pigments, are observed. The flow aid agent help the 
spreading o f  the coating over the metal substrate, increas­
ing in this way the contact surface with the metal substrate 
and the adhesion with it as well. When the flow aid agent 
is not present, the coating does not spread homogeneously, 
allowing minor components to appear at the surface.
Without the flow aid, the difference between the 
HMMM and the TIC is very clear. For the first one, the 
crosslinking concentration increases its coating surface 
concentration, the second one does the opposite, decreas­
ing significantly its concentrations. However, when they 
are used together, the nitrogen concentration value is too 
high to be originated only from the HMMM, as well, the 
fitting o f  the COMB-2 CIs spectrum require o f  compo­
nents from the TIC.
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Figure 1 Survey spectrum of the TIC-2.
Hence the TIC needs the migration o f  another compo­
nent in the formulation, either the flow aid agent or the 
HMMM to migrate to the surface.
The surface composition, in particular the amount o f  
nitrogen, is strongly influenced by the choice o f  the 
crosslinking agent added into the formulation, and by the 
presence o f  a flow aid agent. According to Hinder et a l  [4], 
the higher the nitrogen concentration the better the adhe­
sion o f  a coating with a top coat, thus if  this hypothesis is 
correct, the coating cured with TIC is expected to yield a 
worse adhesion than the coating cured with HMMM. Not 
including the flow aid agent into the formulation increase 
the nitrogen surface concentration for the coatings where 
HMMM was employed, alone or in combination with TIC, 
so these coatings are expected to yield better intercoat ad­
hesion. Conversely, the flow aid agent is necessary to 
spread properly the coating over the metal substrate.
Conclusions and Future W ork
Great differences have been found in the surfaces 
composition by XPS analysis o f  a series o f  model coatings. 
Crosslinking and flow aid agent have a strong influence in 
determining the composition o f  the very first layers o f  a 
coating.
The analysis o f  the first set o f  samples, the one includ­
ing the flow aid agent into the formulations, showed a 
lower amount o f  nitrogen than expected. This is due to the 
segregation o f the flow aid agent which forms a layer o f  
ca. Inm at the surface. This segregation is not influenced 
by the crosslinking agent included in the formulation.
HMMM and TIC do not influence each other when 
the flow aid is present, however, when the flow aid agent 
is excluded from the formulation, the presence o f  the 
HMMM is necessary to promote the migration o f  the TIC 
to the surface. The TIC does need that another agent mi­
grates to the surface to move into the first layers o f  a coat­
ings.
According to previous work, the coatings cured only 
with TIC are expected to yield a poorer intercoat adhesion 
than the coatings cured with HMMM. For this reason, if  
the intercoat adhesion is one o f  the most important proper­
ties required to the coating, the replacement o f  the HMMM 
with the TIC is not suggested.
In the same way, the coatings formulated without a 
flow aid agent are expected to yield a poorer adhesion than 
the same coatings formulated including the flow aid agent. 
As it was shown, the exclusion o f  a flow aid agent from 
the formulations has negative aspects, so it is convenient to 
include this agent.
A new set o f  samples, with the same formulations as 
the samples analysed, but with different flow aid agent 
concentrations, will be prepared and analysed. This will be 
done trying to optimize the concentration o f  flow aid agent 
to include in a formulation in order to maximize the inter­
coat adhesion properties o f  the coatings without decreasing 
the spreading o f  the coatings over a metal substrate.
Future work will involve the use ToF-SIMS in order 
to understand in which form the crosslinking agents segre­
gate in the coatings surface.
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evelopment and use of UVAcured coatings has Increased dramatically In the last twenty 
, trecoming more widely used as  a  result of their green credentials. The adhesion of a 
I UV-cured coating, based on a  mixture of a  low viscosity polyester acrylate, isobornyl 
ite and an experimental acrylate resin on a hot dip galvanised steel (HDGS) panel has 
Investigated. The coating was applied to an as received panel and to panels from the 
batch after cleaning with three different cleaning processes; one based on an 
Imental acidic solution, one t>ased on a  weakly basic solution and one based on a  KOH 
on. The aim of this work w as to Investigate Influence of the  cleaning process on the 
:e characteristics of the HDGS panels and the  difference In adhesion between the UV- 
coatlng and the four panels.
GS panel, the Z275, was analysed as received and after being threated with three 
ent cleaning processes: IKB cleaning, an experimental acidic solution, Gardo cleaning, 
I on a  weakly basic solution and KOH cleaning. The XPS analyses were performed using 
jifled VG Scientific ESCAlÀB Mk H electron spectrometer equipped with a Thermo Alpha 
electron energy analyser and a Thermo XR3 digital twin: anode source, which was 
te using Al Ka a t 300W. foF-SIMS spectra were acquired On an ToF.SIMS5 (lON-TOF 
{), using BI3+ as primary Ion beam , operating In the high current bunched mode, over an 
sf 100 X 100 pm, a t a resolution of 64 x 64  pixels. The ToF-SIMS m aps were acquired 
i sam e conditions, but with a field of view of 500x500 microns. The Auger analyses 
performed on the MIcrolab 350, employing an electron gun operated a t 10 KeV. The 
m aps were acquired using the  sam e conditions, with a  field of view of 75x75 microns, 
nterfaclat failure surfaces (IFS) produced were produced holding the  sample above 
g w ater for ten minutes, and then removing the coating using tape.
y èy  spectrum  w as recorded for sam ple. Carbon, oxygen, zinc and alum inium  
icterised all the  sam ples  but th e  KÔH cleaned, w ere no alum inium  w as detected , 
luantification, Table 1, show ed a n  higher am oun t of alum inium , w hen presents, 
zinc. Minor com ponent w ere also detected .
Z275 C 0 Zn A1 N Ca \ a
As RcceKcd 20.3 55 J 9.0 13.8 1.0 0.2 -
IKB cleaned 2U.3 Ô0..5 6.8 12.6 0.8 -
Gaido cleaned 21.8 53,7 lO.l 13.6 0.6 0.3 irares
KOH deaned 23.6 19.7 21.9 - - - 4.9
le 1  Surface com positions (at. %) of the  four panels analysed. ...
Ive and héjptlve ToFGIMS spectra were acquired In the &800 u range. The general 
m was very similar for the a s  receivi^, for the IKB cleaned and for the Gardo cleaned 
i|es, with thelXOH spectra very different from the others. The data acquired were used to 
t peaks In p r^ara tlon  of the m aps acquisition.
hplete AUGE^ analysis was carried out for the four samples. The acquisition of a  Second 
on Microscopy (SEM) Image was the first step. The Irnage acquired for the four surfaces 
ed a  non regular surface for all of them. Looking carefully a t them. It could be noticed 
Gardo and KOH cleaned: sam ples show more features then the as  received and IKB 
ed samples. The analy^S of the as received sampled showed differences In the zinc, 
ted as metallic thdMat regions and mainly as oxide In the raised regions, as  showed in 
9 1. The IKB showed the  sam e results a s  the as  received sample. The Gardo cleaning 
;ed partially the zinc, blit did not influenced the aluminium. The KOH removed the 
Inlum layer, oxidizing the  zinc compl^ely.
I:
Figure 2  On the left the SEM image, 75 x 75microns, of a  particular of the  as received sample, 
in the middle the scatter plot relating aluminium and zinc signals. On the right the 
reconstructed image. ' :
The m aps were analysed using th e  relative scatter plots. Two well defined regions were 
found for the as received and for the  IKB cleaned samples, The regions richer in zinc were 
characterised by an higher ZnOHt signal a s  well. This agrees perfectly with the Auger results 
The data acquired for the  Gardo cleaned showed a slightly difference In the relative 
distribution between aluminium a n d  zinc: however the relation between metal and oxide 
changed significantly. The KOH Images showed a  zinc layer on the  surface with sam e spots 
containing aluminium. :
Figure 3  The reconstructed ToF-SIMS images relating the distribution of the Zn and of the 
ZnOH  ^ foe the as received (a); the IKB;(b), the Gardo (c) and the KOH (d) cleaned sample.
The results of the various analysis indicates th a t two different regions characterise the 
surface of the  Z275; fiat regions depleted In zinc, with the zinc only in the  metallic state, and 
regions richer In zinc, in the oxide and metallic state. The aluminium formed a quite W forrh 
oxide layer on the HDGS surface
The IKB cleaning process seem s not to  Influence th e  surface chemistry. The Gardo process 
partially oxidized the zinc, but not Influencing the aluminium layer. The KOH removed almost 
completely the aluminium layer, converting all the zinc in zinc oxide.
'
The IFS were produced removing the  coating with a piece of tape after exposing the panels to 
bollln# water for ten minutes. The coating was removed very easily from the  a s  received 
sample, and also for the IKB cleaned panel. The pealing off the  Gardo revealed less surfaces. 
No IFS were produced for the  KOH. This simple test revealed that the IKB cleaning did not 
Influence the, poor, adhesion between the  Z275 and the UV-cured coating used, the Gardo 
Increased ft, and th e  KOH Improved the adhesion dramatically.
e 1  On the left the  SEM Image, 500 x 5 0 0  microns, and on the  r t ^ t  the survey, the  
ilnlum and the  zinc spectra acquired In the  two different regions recognized in the  
5 surface.
' m aps were acquired for the as received and for the Gardo cleaned samples. Using th e .  
îr plot relating the zinc and the aluminium signals, a clear distinction of two different 
IS was found for the  as received sample. A more complicated i^uatlon  was found for 
ardo, a s  expected from the Auger spectra.
m ass resolution ToFSlMS m aps were acquired for all the sarnples, and scatter plots 
produced plotting zinc and aluminium ion signals. Figure 2.
Table 2  Surface com positions (at. %) of the  revealed IFS.
In the coating I R  an Important amount of zinc was detected, however not aluminium was 
noticed. The h l^ e r  the  ^nc am ount in the coating IFS surface, the worse the adhesion. The 
carbon amount is h ig h ^  In Ure Gardo IFS then In the other two, and a t the sam e way the 
oxygen Is lower, as  the zinc. F '- 'V
In the HDGS IFS, It Is interesting the detected concentration of the aluminium and of the 
phosphorus. The phosphorus , that com es from the adhesion promoters Included Into the 
formulations. Is present in the steel IPS, this cbnfffms the  migration of this element to the 
coating/steel Interface.
Thé (èsùfts suggest a  mixture of adhesive (^ e s iv e  failures between the analysed HDGS 
panels and the  UVoured coating. Where the  adhesion Is not good, an adhesive failure takes 
places, promoting a cohesive failure within the  dnc layer of the  HDGS panels.
Two different regions characterise the  surface of th e  Z275. Flat regions depleted In zinc and 
raised regions richer In zinc, vdth an aluminium layer above the  Whole surface. The two 
region differ also In the zinc chem istry zinc In metallic s ta te  In the  flat regions, In both oxide 
amd metalllc state in the raised.
The IKB cleaning process did not modified the surface chemistry, the Qardo oxidized part of 
the metallic zinc, the KOH dissolved the  aluminium layer and oxidized completely the zinc. 
The difference in th e  chemistry surface were reflected In thé  adhesion of the  panels with a 
mpdetUV-cured coating. The higher the  Influence of the cleaning process on the Z275, the 
better the  adhesion. A mixture of adhesive and cohesive failure w as hymothlsed for 
explaining the  failure mechanism. ^
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Scatter Plots and Reconstructed Imagesluction
dip galvanising is a  process used  to  coat s tee l with a  zinc layer by passing  th e  stee l 
I a  m olten bath  of zinc, which includes other m inor com ponents like aluminium, a t  a  
ature of 450®C - 460°C in order to  increase th e  corrosion resistance of th e  s tee l. An 
coating is often applied  on to increase th e  corrosion resistance  and to  modify the  
ical properties of th e  system . The adhesion  betw een th e  zinc layer and  th e  organic 
plays a  crucial role in determ ining th e  final quality of th e  system . The aim  of this 
ras to  investigate th e  influence of som e cleaning processes on th e  su rface  
eristics of a  m odel HDGS panel, in particular on th e  zinc and  alum inium  chem istry 
alive distributions by Tof-SIMS. This piece of work is part of a  project th a t a im s to  find 
t  cleaning processes to  u se  in a  coil coating line to  improve th e  adhesion betw een the 
.ubstrate and  th e  applied coating.
S«nip5fr C learing Process
As received
HDGSb Acidic Solution
HDGSc Basic Solution
HDGSd KOH Solution
rimentaî Settings
F-SIHS sp ec tra  w ere acquired on a  T0 F.SIMS 5  (lON-TOF GmbH), using Bi,* a s  primary 
am, operating in the  high current bunched m ode, over an  a rea  of 1 0 0  x 1 0 0  pm , a t  a 
ion of 6 4  X 6 4  pixels. TTie ToF-SIMS m aps w ere acquired in th e  sam e conditions but 
field of view of 5 0 0  x 5 0 0  pm  an d  a  resolution of 1 2 8  x 1 2 8  pixels. All the analyses 
erform ed under th e  SIMS sta tic  limit, i.e. ion dose < 10^3 ions cm .^
51 MS spectra and maps
e and  negative ToF-SiMS spectra  w ere acquired in the  0 ^ 0 0  u range; th e  atten tion  h as  
focused on the  positive polarity data. The genera l pattern  w as very sim ilar for tlie  
3, for th e  HDGSb and for th e  HDGSc sam ples, with th e  HDGSd spectrum  very different 
he o thers. Figure 1. Comparing with th e  HDGSa, HDGSb and HDGSb show  sp ec tra  with 
m e pattern , while th e  HDGSd spectrum  presents several differences; it can be noticed 
I one hand peaks  due to  fragm en ts with alum inium  alm ost d isappeared, like th e  AI+ a t 
d the  AljHiOg* a t  1 6 3 , whfle in th e  other hand  peaks containing sodium , but even 
n  and  potassium , increased  dram atically their Intensity, a t  4 6  and  1 2 9  th e  m ost 
It c a ses  with th e  Na,* and  th e  COgNag*.
I 111 I II
ik ÿ i l 'X , i>  f.v'.ÿvj
fJU-
The m aps w ere analysed  using th e  relative sca tte r  plots, com paring pixel by pixel th e  signal 
acquired for th e  AI+ and  Zn*. S tarting from it, an  im age show ing tlie  different regions of the  
sam p le  w as reconstructed. Figure 3.
I 1  ToF-SIMS spectrum of the as received sample (HDGSa) compared with the KOH cleaned 
le (HDGSd).
m a ss  resolution ToF-SIMS m aps w ere acquired for all the sam p les, in positive polarity, 
le m aps w ere norm alised dividing their signals by th e  to tal ion count. In Figure 2  tlie 
alised m a p s  of Al* and Zn* acquired for tlie a s  received sam ples are p resented . If the 
n a p s  by them selves do no t reveal a  lot, the ir overlay, also in Figure 2, indicates the 
mce of tw o different regions, regions richer In â n e , m arked in g reen  in th e  overlay 
e, and  regions richer in a lum inium , red.
Figure 3 On the left the scatter plot relating the distribution of AH- (x axis) and Zn+ (y ans) for the 
HDGSa. On the right the reconstructed image, showing the presence of two well defined regions.
A m a ss  spectrum  for each  region w as reconstructed. The two sp ec tra  are  very sim ilar, with 
differences in th e  intensity of th e  fragm ents due to  alum inium  and  â n e . Figure 4.
green regions.
S ca tte r plots w ere used  to  analyse th e  relative distribution of zinc an d  alum inium , and of 
m etallic and  owde â n e  for the  four sam p les. Figure 5. HDGSa and HDGSb show  tw o well 
defined regions, one richer in aluminium, and one richer in ân e . In the regions richer in 
alum inium , the  zinc is mainly p resen t in the m etallic form , while in th e  â n e  rich regions is 
p resen t even in th e  oxide form . The HDGSc show s m ore m ixture betw een zinc and 
alum inium , and th e  zinc oxide is p resen t in the  whole area . HDGSd show  alm ost no 
alum inium , with a  good m ixture of m etallic and oxide zinc.
Figure 5  Reconstructed ToFSIMS images relating the relative distribution of Al^  (red) and Zn* (greon), 
top row, and of Zn* (red) and ZnOH ' (green).
Sam ple Clctsrind Pr<K:e« HalnF«»tur«*
As recehred Two woB defined region, one richer in zinc (oade and  metal), 
and one richer In akjmirtum (tine mainly in th e  m etal state)
Addic Solution No significant changes brought
Basic Solution Partially ox idiclonofthe metallic tine
KOH Solution Removal of the akimlr^um, oddstion of the tine
 _____________  t t w i i i r J r
e  2 ToF-SIMS m aps of AI+ (left) and Zn+ (middle), acquired for the as received sample. On tlie 
their overlap.
Conclusions
The ToFSIMS da ta  show ed th a t th e  HDGSa is ciiaracterised by tw o different regions, one 
richer in zinc, both in th e  m eta l and in th e  owde form , and  one richer in alum inium . The 
acidic solution did no t modify significantly th e  su rface  chem istry. The Basic solution oxidized 
partially th e  zinc. The KOH solution rem oved th e  alum inium  alm o st com pletely, oxidiâng 
m ost of th e  m etal zinc. Som e preliminary adhesion te s ts  w ere run to  check  th e  ad h esio n  with 
a  m odel UV cured coating. The HDGSa show ed a  poor adhesion , so  did th e  HDGSb. The 
adhesion of th e  HDGSc w as quite good. The HDGSd show ed a  very strong  adhesion . It can  be 
concluded th a t th e  m ore th e  zinc oxide the b etter th e  adhesion.
The Influence of Cleaning Processes on the Surface 
Chemistry of Hot-Dip Galvanised Steel
P a o l o  M a r i n o ^ * ,  C h r i s  L o w e ^ ,  M a r i e - L a u r e  A h e f  a n d  J o h n  F .  W a t t s \
1. S u r r e y  M a t e r i a l s  I n s t i t u t e  a n d  F a c u l t y  o f  E n g i n e e r i n g  &  P h y s i c a l  S c i e n c e s ,  
U n i v e r s i t y  o f  S u r r e y ,  G u i l d f o r d ,  S u r r e y ,  G U 2 7X H ,  U K .  
B e c k e r  I n d u s t r i a l  C o a t i n g s  L t d ,  G o o d l a s s  R o a d ,  S p e k e ,  L i v e r p o o l ,  L 24 9H J ,  U K .
* p.marino@surrey.ac.uk
Introduction
hot dip galvanising is a process used to coat steel with 
a zinc layer by passing the steel through a molten bath o f  
zinc, which includes other minor components like alumin­
ium, at a temperature o f  450°C - 460°C in order to increase 
the corrosion resistance o f  steel. Aluminium is added in 
the zinc bath to prevent the formation o f  a brittle Zn-Fe 
intermetallic [1], increasing the life time o f  the hot-dip 
galvanised steel (HDGS) product.
An organic coating is often applied to increase the 
corrosion resistance and to modify the aesthetical proper­
ties o f  the system. The adhesion between the zinc layer and 
the organic coating plays a crucial role in determining the 
final quality o f  the system.
The aim o f  the current work is to investigate the influ­
ence o f  some cleaning processes on the surface character­
istics o f a model HDGS panel, in particular on the zinc and 
aluminium chemistry and relative distributions. This piece 
o f work is part o f  a wider project that aims to establish the 
best cleaning processes to use on a coil coating line to im­
prove the adhesion between a HDGS substrate and the coil 
coating.
Experim ental
HDGS strip was analysed as received and after being 
treated with three different cleaning solutions, as summa­
rised in Table 1; an experimental acidic solution, a weakly 
basic solution and a KOH solution.
Table 1 The four samples analysed, with the relative cleaning process
Sample Cleaning Process
HDGSa As received
HDGSb Acidic Solution
HDGSc Basic Solution
HDGSd KOH Solution
X-Ray photoelectron spectroscopy (XPS), Auger 
electron spectroscopy (AES), scanning Auger microscopy 
(SAM), and Time-of-flight secondary ion mass spectrome­
try (ToF-SIMS) were employed for this study.
The XPS analyses were performed using a modified 
VG Scientific ESCALAB MK II electron spectrometer 
equipped with a Thermo Alpha 110 electron energy ana­
lyser and a Thermo XR3 digital twin anode source, which 
was operated using the A1 Ka at 3 COW. Survey spectra (0- 
1350eV) were recorded using a pass energy o f  lOOeV and 
a step size o f  0.4eV. High resolution spectra were recorded 
using a pass energy o f  20eV and a step size o f  0.1 eV for 
the CIs peak and 0.2 eV for others. The spectrometer was 
controlled by a Thermo Avantage datasystem.
ToF-SIMS spectra were acquired on a ToF.SIMS 5 
(lON-TOF GmbH), using Bis^ as primary ion beam, oper­
ating in the high current bunched mode, over an area o f  
100 X 100 microns, at a resolution o f  64 x 64 pixels. The 
ToF-SIMS maps were acquired in the same conditions but 
with a field o f  view o f  500 x 500 microns and a resolution 
o f  128 X  128 pixels.
AES analyses were performed on a Thermo Scientific 
Microlab 350, employing an electron gun operated at 10 
KeV, and a spot size o f 85 nm. High resolution spectra 
were acquired using different retard ratios, in order to 
achieve the best compromise between intensity and mass 
resolution. A retard ratio o f  25 was used for the alumin­
ium, and 15 for the zinc. The SAM data were acquired 
using the same conditions, with a field o f  view o f  75 x 75 
microns, and the same values o f  retard ratios used for the 
spectra acquisition.
Results
An XPS survey spectrum (an example is given in Fig­
ure 1) was acquired for all the samples. High resolution 
spectra were acquired to obtain the elemental composition 
o f the four candidate surfaces (Table 2).
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Figure 1 Survey spectrum o f the HDGSa, the as received sample.
Table 2 Surface composition (at.%) o f the four analysed HDGS panels
C O Zn A1 N Ca Na
HDGSa 20.3 55.7 9.0 13.8 1.0 0.2 -
HDGSb 29.3 50.5 6.8 12.6 0.8 - -
HDGSc 21.8 53.7 10.1 13.6 0.6 0.3 trace
HDGSd 23.6 49.7 21.9 - - - 4.9
the maps were studied employing the use o f  scatter plots 
and relatives reconstructed images, as showed in Figure 3.
Positive and negative ToF-SIMS spectra, not shown, 
were acquired in the 0-800 u range. The general pattern 
was very similar for all the samples but the KOH cleaned 
sample did show some differences. The data acquired were 
used to select peaks in preparation o f  the mass selected 
images.
A complete Auger analysis was carried out for the 
four samples. The acquisition o f  a secondary electron 
(SEM) image was the first step, as showed in Figure 2. The 
images acquired for the four surfaces showed a non regular 
surface for all o f them. The analysis o f the as received 
sample. Figure 2, showed differences in the zinc chemical 
state. Zinc was detected as metallic in the flat regions and 
mainly as oxide in the raised regions. No differences for 
the aluminium, always in the oxide form. The HDGSb 
gave very similar results to the as received sample. The 
analysis o f the HDGSc showed more regions where the 
zinc was in the two oxidation states, while the aluminium 
was always in the oxide form. The KOH removed the alu­
minium layer, oxidizing the zinc completely.
ZnO 1
I
Figure 2 The Auger analysis o f the as received sample. In the first row 
the survey, the aluminium and the zinc spectra acquired in the raised 
region. In the second row the spectra acquired for the Hat region.
Auger luaps were acquired for the HDGSa sample and 
for the HDGSc sample. The use o f scatter ratio plot was 
employed to analyse these maps. The presence o f  two dif­
ferent regions was confirmed by Auger maps and relative 
scatter plots.
High mass resolution ToF-SIMS maps were acquired 
for all the samples, in positive polarity. As with the SAM,
, on the left, and of Zn^ and 
is possible to notice the
Figure 3 Relative distributions o f A f  and Zn^ 
ZnOH^, on the right, for the HDGSb. It 
agreement between the two images.
Discussion
The surface composition o f HDGS has been studied 
by several research groups [2-3]. However, the chemical 
state o f aluminium and zinc has not been elucidated, espe­
cially regarding their relative distributions on the surface 
Analysing the surface composition o f the as received 
sample. Table 2, it can be seen that more aluminium than 
zinc was detected, even though the aluminium is added to 
the zinc bath at a very low percentage, up to 1%. The high 
amount o f  aluminium is due to a well documented [2-3] 
migration o f this element on the surface
By employing AES at a 85 nm spot size, the charac­
terization o f the different regions present on the surface o f  
the HDGS is readily achieved.
Starting from the acquired SEM image, a complete 
AES analysis was undertaken for a flat region and then for 
a raised region. Very important differences were found 
between them. Even though a rigorous quantification has 
not been considered for the AES analyses, comparing the 
peak shape, in particular the ratio o f  signal/noise, it can be 
seen that the zinc signal is stronger for the raised regions 
than for the flat ones, indicating a higher presence o f zinc 
in the raised regions than in the fiat ones. Figure 2. Even 
the zinc chemistry varies. In raised regions the zinc is pre­
sent in the oxide and in the metallic form, while in the 
raised regions, the zinc is present only in the metallic form. 
No differences were found for the aluminium, which was 
always in the oxide form.
The SAM data. Figure 4, reinforce the AES data. The 
acquired maps were studied using the scatter plot, to com­
pare pixel by pixel the relative distribution o f the two ele­
ments. The presence o f two well defined regions was con­
firmed.
Figure 4 On the left is the SEM image, 75 x 75 microns, o f the as re­
ceived sample. In the middle the scatter plot relating aluminium and zinc 
signals. On the right the reconstructed image.
ToF-SIMS maps were also acquired, with a larger 
field o f view, 500 x 500 microns. The results o f the ToF­
SIMS imaging confirm what is observed with Auger spec­
troscopy. Since the same features and results were ob­
served for an area o f  different dimensions, 75 x 75 microns 
with SAM, and an area o f 500 x 500 microns with ToF­
SIMS imaging, they can be generalised to the whole sur­
face o f the HDGS.
A mass spectrum for each region was reconstructed. 
The two spectra are very similar, with differences in the 
intensity o f  the fragments due to aluminium and zinc, Fig­
ure 5. The fragments due to zinc oxide, ZnH^ and ZnOH^ 
are more intense in the raised regions, confirming the pres­
ence o f  zinc oxide mostly on the raised regions o f  the sur­
face.
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Figure 5 High resolution spectra o f aluminium and zinc fragments recon­
structed for the flat, top line, and raised regions, bottom line respectively.
The results acquired for the HDGSb, sample treated 
with the acidic solution, are very similar to the results o f  
the as received samples. This indicates that the acidic solu­
tion did not affect the surface chemistry neither o f  the 
aluminium nor o f the zinc. The biggest difference with the 
as received sample is a higher amount o f carbon detected 
in the surface. This is probably due to the deposition o f  a 
thin organic layer, due to the cleaning solution, onto the 
surface. Higher intensity o f peaks due to organic fragments 
seems to confirm this.
If the XPS and ToF-SIMS spectra for the HDGSc, 
sample treated with a basic solution, are very similar with 
the as received samples, several differences can be pointed 
out with AES and the SAM and ToF-SIMS images. For 
this sample, the distinction between flat and raised regions 
is not so strong; in fact it is possible to notice the presenee 
o f intermediate regions in the SEM image. The increase of 
areas where the zinc was detected both in the metallic and 
in the oxide forms, suggests that the basic cleaning process 
used partially oxidised the zinc, but it did not influence the 
aluminium, which was always detected as oxide. AES and 
ToF-SlMS imaging confirm this greater mixture for the 
oxide form.
Figure 6 Relative distributions o f A f  and Z n f  on the left, and of Z if  and 
Z nO H \ on the right, for the HDGSc. There is not a good agreement 
between them.
The KOH cleaning was the one with the greater influ­
ence on the surface chemistry o f the sample. The XPS data 
showed that the aluminium layer was removed. AES and 
ToF-SIMS data confirm this, with very low aluminium 
signal. The AES spectra showed a very low intense alu­
minium peak in all the analysed areas. The ToF-SIMS 
spectra looked very different from the one acquired for the 
as received sample; the peaks due to fragments with alu­
minium almost disappeared, like the Al^ at 27 u and the 
Al2 H2 0 5  ^ at 163 u, while peaks containing sodium, cal­
cium and potassium showed a higher intensity. At 46 and 
129 u the most evident cases with the Na2  ^ and the 
COgNag^ .
The KOH cleaning process did not only affect the 
aluminium, but also the zinc. In all the regions o f the sam­
ple, the zinc was found only in the oxide form. The KOH 
cleaning process oxidised it completely.
Conclusions and F u tu re  W ork
Two different regions characterise the surface o f the 
analysed HDGS. Flat regions depleted in zinc and raised 
regions richer in zinc, with an aluminium layer above the 
whole surface. The two regions differ also in the zinc 
chemistry; zinc in metallic state in the flat regions, in both 
oxide and metallic states in the raised.
The acidic cleaning process did not modify the surface 
chemistry, the basic one oxidized part o f the metallic zinc, 
the KOH dissolved the aluminium layer and oxidized the 
zinc completely.
Some preliminary adhesion tests were carried out to 
check the adhesion with a model UV cured coating. The 
HDGSa showed a poor adhesion and so did the HDGSb. 
The adhesion o f  the HDGSc was quite good. The HDGSd 
showed a very strong adhesion. It can be concluded that 
the more the intensity and spread o f zinc oxide the better 
the adhesion. Further tests will be undertaken to study the 
adhesion properties.
The adsorption o f  the constituent molecules o f the 
coatings on all HDGS surfaces described here will also be 
undertaken.
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IRRITANT
■lEIVIICAL PRODUCT AND COMPANY IDENTIFICATION
m P A cm êSitiT E .- ■ A C R Y L A T E D R E S I N C )
npany name:
U-ess:
phone:
fax:
zrgency telephone number: 
mDIARY: 
ipcmyname: 
ress :
phone : 
fax : 
x:
UCB s.a. Chemical Sector
Business Unit Industrial Coatings & Graphics
AnderlechtStr. 33, B-1620 Drogenbos, BELGIUM
+32-2-334.51.11
+32-2-378.39.44
+32-2-334.51.11
UCB (Chem) Ltd.
UCB House - 3 George Street - Watford
S ? -  UN IIED  KINGDOM 
fax +44-1923-250225
m p o s it io n
irdons substance: (*) > 20% ACRYLATED RESIN - Xi - R36/38
2ARD IDENTIFICATION
tion to eyes and skin. (*)
------------------
ST AID PROCEDURES
:ition:
ontact:
'ontact:
ion:
Take to fresh air and seek medical attention.
M gate with pure water for at least 3 minutes, then seek medical attention. 
Wash with soap, rinse with water, seek medical attention.
Do not induce vomiting.
If vomiting should occur spontaneously keep airway clear.
Never give anything by mouth to an unconscious person.
Seek medical attention.
Remove soaked clothing immediately.
: FIGHTING PROCEDURES
le extinguishing media: 
able extinguishing media: 
ire hazard:
equipment:
Foam, waterspray, ' C02, dry chemicals.
None to our knowledge.
Product may polymerize at high temperature.
of
^ e p  container cool by spraying with water if exposed to fire.
d e n t a l  r e l e a s e  p r o c e d u r e s
Protectiveglasses.
inns with respect to environment: 
a up spillage:
Suitable gloves.
Protective clothing.
Remove soaked clothing immediately.
Avoid discharge into the environment.
Stop leaks as soon as possible.
Clean up spillage immediately.
Absorb with minersl filler (such as sand, dialomaceous earth,...), collect and store in a .suitable container.
I) Ltd.
UNITED KINGDOM
tel +44-1923-248011 fax +44-1923-250225
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Do not expose to temperatures exceeding 60°C for a long time. 
Do not expose to direct sunlight
Avoid eye and skin contact.
Avoid inhalation.
Local exhaust is recommended.
[PQSURE CONTROL/INDIVIDUAL PROTECTION
= = = : = ' -  ■ S s S s z T z r ” ” '”
Use protective gloves.
Do not use natural rubber gloves.
Wear nitrile gloves.
^  «#earanc6 (dimension, colour, flexibility etc) Is noticed.
vmuaipwtection-skm; Working suit.
YSfCAL AND CHEMICAL PROPERTIES
"*ClYClTtCC *
Clear to hazy amber liquid. (*) 
Esterlike.
Not applicable.
nr: >
ity (acid value; mg KOH/g): 
hg point/intejval: 
h point:
taneous ignition: 
osive properties: 
osive limits: 
tir pressure: 
fie density:
He:
>100"C 
>100°C (Setaflash) (*) 
no
None.
Not applicable.
<133 Pa (ZO-C).
>1 g/ml 
<0.5%
iBILITY AND REACTIVITY
Itions to avoid:
ials to avoid:
dous decomposition products:
Avoid friction with temperature increase as result.
Avoid direct contact with heat sources.
Avoid temperatures higher than 60°C.
Avoid direct sunlight.
Avoid sources of free radicals : peroxides, metal ions.
Avoid free radical producing initiators.
Hazardous polymerization can occur when exposed to direct sunlight 
__________________  .___ Hazardous exothermic polymerization can occur when heated.
ICOLOGICAL INFORMATION
ipioduct. % e toxicological properties have not been fully determined.
toitating to skin and eyes in case o f prolonged exposure 
Can be expected to be eye in i tant.
l o g i c a l  INFORMATION
product k  a 100» aaive material, no evaporation g- ,lr  pollulio. during hmdlmg under normal coudWotu. can occur.
OSAL CONSIDERATIONS
.duct may he dl.tpo.ed plunder controlM indncratlon and In agreement with local and national législation.
JSPO R T REGULATIONS
ject to regulation. (*)
iLATORY INFORMATION
Xi Initant.
I tci.
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R 36: Ini taring to eyes. 
. R 38: Irritating to skin.
Experimental product, not fully assessed (»)
THER INFORMATION
D e i ^ s  a revision from  the previous version o f this MSDS.
T eohnW  Data Sheet
The information ie provided by way o f a guide to the ttae o f  our product
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user."
ing date: 24/09/2001
if document. 
)er o f  pages:3
I td .
- W atfo rd
ERTFO RD SH IRE - ENGLAND - UNITED KINGDOM
tel +44-1923-248011 fax +44-1923-250225
CYTEC
Surface Specialties
Ebecryl™ 171
A cid  m odified  methacrylate
Technical Data Sheet
1 / 2
INTRODUCTION
Ebecryl 171 is a methacrylate modified acidic 
adhesion promoting agent designed as a modifier 
for ultraviolet (UV) and electron beam (EB) curable 
coatings.
PERFORMANCE HIGHLIGHTS
TYPICAL VALUES
Dynamic viscosity (DIN 3219) 
(20 1/s, 25°C)
Colour, Gardner 
max. 8 
Acid value
1200
< 320
Ebecryl 171 is characterized by :
low viscosity
acid functionality
adhesion on various substrates
PHYSICAL PROPERTIES
Density, g/cm^
Polymer solids, % by weight
1.27
100
SUGGESTED APPLICATIONS
Formulated UV/EB curable products containing 
Ebecryl 171 may be applied by screen, direct or 
reverse roll, coating methods.
Ebecryl 171 is recommended for use in coatings 
on
metal
glass
plastics
melamine paper
Typical usage is between 1% and 5% of the total 
formulation. Due to its acidic character,
Ebecryl 171 can undergo hydrolysis and therefore 
formulations containing Ebecryl 171 should be 
kept from humidity. Since Ebecryl 171 can react 
with alkaline materials, the use of free amines, 
amino acrylates and basic pigments with Ebecryl 
171 should be avoided.
STORAGE AND HANDLING
Care should be taken not to expose radiation 
curable products to temperatures exceeding 40°C 
for prolonged periods or to direct sunlight. This 
might cause uncontrollable polymerization of the 
product with generation of heat.
Storage and handling should be in stainless steel, 
amber glass, amber polyethylene or baked 
phenolic lined containers. Do not store this 
material under an oxygen free atmosphere. Use 
dry air to displace material removed from the 
container. This material should not be stored for 
more than 1 year.
PRECAUTIONS
The following is a summary of the precautions to 
be taken when handling this product. Please refer 
to the Safety Data Sheet for further details.
Cytec Surface Specialties S.A./N.V. Anderiechtstraat 33, B-1620, Drogenbos, Belgium
Teiephone: ++32(0)2 334 51 11 E-mail: tsd.raclcure(gcytec.com Web Site: www.surfacespecialties.com
Disclaimer: Cytec Surface Specialties S.A./N.V. or any of Its affiliated companies (hereinafter "Cytec Surface Specialties”) decline any liability with respect to the use made by any third 
party of the Information contained herein. The Information contained herein represents Cytec Surface Specialties’ best knowledge thereon without constituting any express or Implied 
guarantee or warranty of any kind (Including, but not limited to, regarding the accuracy, the completeness or relevance of the data set out herein). Cytec Surface Specialties Is the sole 
owner or authorized user of the Intellectual property rights relating to the Information communicated. The Information relating to the use of the products is given for information 
purposes only. No guarantee or warranty Is provided that the product Is adapted to the client’s specific use. The client should perform Its own tests to determine the suitability for a 
particular purpose. The final choice of use of a product remains the sole responsibility of the client. trademark of Cytec Surface Specialties Group.
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The toxicological properties of this material have 
not been fully determined. Products of this type 
can be expected to be eye and skin irritant and 
have the potential to cause sensitization or other 
allergic
responses. Appropriate precautions should be 
taken to avoid eye and skin contact and to avoid 
inhalation of the aerosols or vapours. Consult the 
relevant Safety Data Sheet for appropriate 
handling
procedures and protective equipment prior to using 
this or any other material referred to in this bulletin.
See Safety Data Sheet for emergency and first aid 
procedures.
STA TUTORY LABELLING
Please refer to Safety Data Sheet.
May 2005 - Supersedes previous versions
Cytec Surface Specialties S.A./N.V. Anderiechtstraat 33, B-1620, Drogenbos, Belgium
Telephone: ++32(0)2 334 51 11 E-mail: tsd.radcure(gcytec.com Web Site: www.surfacespecialties.com
D isc la im e r :  C y tec  S u rfa c e  S p ec ia ltie s  S.A./N.V. o r an y  of Its affiliated c o m p a n ie s  (tie re ln afte r “C y tec  S u rfa c e  S p e c ia lt ie s ')  dec lin e  a n y  liability wltti re s p e c t  to  th e  u s e  m a d e  by a n y  third 
party  of th e  Inform ation c o n ta in e d  here in . T h e  Inform ation c o n ta in e d  herein  re p re se n ts  C y te c  S u rfa c e  S p e c ia ltie s ’ b e s t  know ledge th e re o n  w ithout constitu ting  an y  e x p r e s s  o r  Implied 
g u a ra n te e  o r w arran ty  of an y  kind (Including, bu t no t limited to, regard ing  th e  ac cu ra cy , th e  c o m p le te n e ss  o r  re le v a n c e  of th e  d a ta  s e t  o u t herein). C y tec  S u rfa c e  S p e c ia ltie s  Is th e  so le  
o w n e r o r au th o rized  u s e r  of th e  Intellectual property  rights relating to  th e  inform ation co m m u n ica te d . T h e  Inform ation rela ting  to  th e  u s e  of th e  p ro d u c ts  Is given  for Inform ation 
p u rp o se s  only. No g u a ra n te e  o r w arran ty  Is p rovided  th a t th e  p ro d u c t is a d a p te d  to th e  c lien t's  spec ific  u se . T h e  client sho u ld  perform  Its ow n te s t s  to  d e te rm in e  th e  suitability  for a  
particu lar p u rp o se . T h e  final ch o ic e  of u s e  of a  p roduc t re m a in s  th e  so le  responsibility  of th e  client. ™  trad e m ark  of C y tec  S u rfa c e  S p ec ia ltie s  G roup.
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T E C H N I C A L  D A T A  S H E E T E n e r g y  C u r a b l e  R e s i n s
EBECRYL®168
Acidic Methacrylate
IN T R O D U C T IO N
E B E C R \’L  168 is an acidic methacrylate adhesion prom oter 
designed as an additive for ultraviolet (UX') and electron beam 
(EB) curable coatings on metal.
P E R FO R M A N C E  H IG H L IG H T S
EBECRYL 168 is characterized by:
•  Light color
• Low viscosity
• Acid functionality
U V /E B  curable formulated products containing EBECRYL 168 
are characterized by;
• G ood adhesion to metal substrates
• Improved compatibilit)' (relative to EBECRYL 170)
The actual properties o f  U V /E B  cured products also depend on 
the selection o f  other formulation com ponents such as reactive 
diluents, additives and photoinitiators.
SU G G ESTE D  A PPLIC A TIO N S
Formulated UA^/EB curable products containing EBECRAT, 168 
may be applied via direct or reverse roll, offset gravure, metering 
rod, slot die, knife over roll, air knife, curtain and immersion 
coating methods. EBECRAX 168 is recom m ended for use in:
• General metal coatings and primers
•  (ioatiiigs for galvanized pipe and tube
• Coil coatings
•  Solder resist formulations
SPE C IFIC A T IO N S
Color, Gardner, Max. 
Appearance
Acid value, m g K O H /g  
AAscosity at 25°C, cP
SMTP)
001-B
002-A  
009-L 
013-AAA
TYTICAL PHYSICAL PR O PER TIE S
Density, g /m l at 25°C 
Functionality, theoretical^)
Oligomer, % by weight
V A LU E
3
Clear liquid 
250-330 
850-1850
1.29
~2
100
N O T E S  O N  USAGE
Typical usage level is between 1% and 5% by weight o f  the total 
formulation. D ue to its acidic character, EBECRYL 168 can 
undergo hydrolysis, and therefore formulations containing 
EBECRAd, 168 should be protected from  humidity. Since 
EBECRYL 168 can react with alkaline materials, free amines, 
amino acrylates, basic pigments and N-vinyl-2-pyrrohdone should 
not be used in combination with EBECRYL 168.
lAmnulations may exhibit turbidity with the addition o f  
EBECRAX 168, though such turbidity may not be immediately 
apparent. The presence o f  turbiditj’ is no t normally indicative o f 
coating perform ance problems, though in severe instances, 
separation or precipitation may occur.
(1) .Standard M ethods o f  Testing available upon request.
(2) Theoretical determination based on  the undiluted oligomer.
www.cytec.com
STORAGE A N D  H A N D L IN G
Before using EBECRYL 168, consult the M aterial Safety Data 
Sheet for additional inform ation on safety and handling 
procedures, and recom m ended personal protective equipment.
The recom m ended storage tem perature range for EBECRYL 168 
is 4°C to 40°C (39°F to 104°F). Care should be taken no t to 
expose the product to high temperature conditions, direct 
sunlight, ignition sources, oxidizing agents, alkalis or acids. Tltis 
might cause uncontrollable polymerization o f  the product with the 
generation o f  heat. Storage and handling should be in stainless 
steel, am ber glass, am ber polyethylene or baked phenolic lined 
containers. Procedures that remove or displace oxygen from  the 
material should be avoided. D o  no t store this material under an 
ox)"gen free atmosphere. Dry air is recom m ended to displace 
material removed from the container.
PR E C A U T IO N S
Avoid contact with eyes and skin. D irect contact with this 
material may cause severe eye and mild skin irritation. Contact 
with skin may cause a cross-allergic reaction in persons already 
sensitized to acrylate materials. W ash thoroughly after handling. 
Keep container tightly closed. Use with adequate ventilation.
Please refer to the Cytec G uide to Safety, H ealth  and H andling  
o f  Acrylate O ligom ers and M onom ers for additional 
information on the safe handling o f  acrylates.
• Email: custinfo@cytec.com | Worldwide Contact Info: www.cytec.com j Toll Free: 800-652-6013 j Tel: (+1) 973-357-3193
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